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†he minerdl fluorife on page lôi and my fingers on poge IBI liqh†ly †ouching †he s†rings of 8e†sy, 
my quifor since chỉidhood. (FYT, theres an "Eos†er eqg” of Be†sy in acfion hidden on The Con~ 
cep†ual Chem/sfry Alivel Co-ROA) Also of our immedia†e family is Rus†y Ca†, whom you WIll 
find on page 627 helping provide perspective for †he propone †ank †o †he side of our home. 
Our dog Sam demonstrd†es his poan†ing skils on page 252. 

A few members of our ex†ended family hove also mode †heir woy in†o Concepfudl Chem~ 
/sfry. Ñy nephew Grohom Orr is seen on page 5l enjoying one of †he mos† vdluoble resources 
†his plane† has †o offer—fresh wofter. Exploring †he microscopic reolm wi†h †he unconny res~ 
olufion of elecfron woves is my cousin George Webs†er, who ¡is seen on page l46 alongside 
his own sconning elec†ron microscope. Georqes son, Chrisfion, is fhe cu†e kid in †he Chap- 
†er 3 opening phofo. Chris†ian is holding a model of †he amino acid giycine ín fron† of The 
multifude of s†ors from which mos† dll afoms, o†her than hydrogen, arise. Friend and former 
housemo†e Rinchen Troshi ¡is seen looking †hrough †he spec†roscope on poqe 39. TracyS 
brother, Peter Elias, is found on page 593 smelling †he camphorous odor of q freshly cu† 
Ping-Pong ball. Look carefully on poge 6l2 and you will see Pefter agoin olong with his mom 
(my mother-in-low), Sharon Hopwood, as they perch on †he bronch of a †ree moade s†ronq 
by i†s composi†e na†ure. Bo†h Pe†er and Shoaron were key players in the developmenl of †he 
Concepfual Chemisfry AIIvef Cp-ROM. †u†orial. 

Tn qddi†ion †o family pho†ogrophs, the pho†oqraphs of mony of our friends' chidren qrace 
this book. Ayono .Jeffers-Fabro is †he adoroble girl hugging †he †ree on page lO. Ji Rabinov 
and her dough†er AAichoela oppedr on poqe 45 demonstro†ing †he chemicol na†ure of bioloa- 
ical qrow†h. Cole S†evens, who is seen on page 236, helps us †o be amozed by who† hap- 
pens †o †he volume of wofer os ¡† freezes. ColeS sisfer, ÁAaya S†evens, is seen pondering 
†he orgonic chemicols wi†thin vanillo and chocoloa†e ice cream on page 26l. In †he Chop†er l3 
opener on poqe 399 are Doniel Glassmon-Vinci and hís †win bro†her Jacob. TÌÌ leave i† †o 
you †o decide whe†ther they are †wo people oa† the same †ime or †wo people a† diferen† 
†imes—reod †he opener carefully. Las†, bu† cer†ainly no† leos†, is AAokoani Nelson, who on page 
40O provides us wi†h a fine exomple of a humon body full of cells and biomolecules. Look 
qlso for ÁAokonïs cameo appeoroance in †he opening mon†oge video of Concep?udl Chemisfry 
Alve' We are born with †he desire †o leorn abou† our environmen† and our place ¡n i†. Le† 
†he sporkle of curiosify in †he eyes of our sons and dough†ers por†royed in thịs †ex†book 


serve œs a reminder of this Impor†an† fac†. 


To the Student 


Wclcome to the world of chemistry—a world where everything around you 
can be traced to those incredibly tiny particles called atoms. Chemistry ¡s the 
study of how atoms combine to form materials. By learning chemistry, you 
gaIn a unique perspectIve on what things are made of and why they behave as 
they do. 

Chemistry ¡1s a sclence with a very practical outlook. By understanding and 
controlling the behavior of atoms, chemists have been able to produce a broad 
range of new and useful materialsalloys, fertilizers, pharmaceuticals, poly- 
mers, computer chips, recombinant DNA, and more. lhese materials have 
raised our standards of living to unprecedentcd levels. Learning chemistry, 
therefore, is worthwhile simply because of the impact this ñeld has on society. 
More important, with a background in chemistry you can judge for yourself 
whether or not available technologies are in harmony with the environment 
and with what you believe to be ripht. 

This book presents chemistry cøzc¿ø#2/, focusing on the concepts of 
chemistry with lite emphasis on calculatons. Thouph sometimes wildly 
bizarre, the concepts of chemistry are straiphtforward and accessible—all ¡t 
takes is the desire to learn. What you will gain from your efforts, however, may 
be more than new knowledge about 
your environment and your personal 
relation to It——you may Improve your 
learning skills and become a better 
thinker! But remember, just as with 
any other form of training, you ÌÌ get 
out ofyour study of chemistry only as 
much as you put in. 

[ enjoy chemistry, and Ï know 
you can, too. So put on your bootrs 
and lets go explore this world from 
the perspective of its fundamenral 


building blocks. 


Good chemistry to youl 


To the Instructor 


Ás Instructors, we share a common đdesire for our teaching eforts to have a 
long-lasting positive impact on our students. We focus, therefore, on what 
we think is most important for the student to learn. For students taking 
liberal arts chemistry courses, certain learning goals are clear. They should 
become familiar with and, perhaps, even interested in the basic concepts of 
chemistry, especially the ones that apply to their dadly lives. They should 
understand, for example, how soap works and why ¡ce foats on water. lhey 
should be able to distinguish between stratospheric ozone depletton and 
plobal warming, and also know what ít takes to ensure a safe drinking water 
supply. Along the way, they should learn how to think about matter from 
the perspective of atoms and molecules. Furthermore, by studying chem- 
istry, seudents should come to understand the methods of scientific inquiry 
and become better equipped to pass this knowledge along to future genera- 
tions. In short, these students should become citizens of above-average sci- 
entifc literacy. 

These are noble goals, and it is crucial that we do our best to achieve 
them. Judging from my encounters with former liberal arts students in the 
midst of their daily lives, however, Ï have come to conclude that this is not 
what they usually cherish most from having taken a course in chemistry. 
Rather, ít is the personal development they experlenced through the process. 

As all science educators know, chemistry——with its many abstract con- 
cepts—is fertile ground for the developmenr of higher-thinking skills. Thus, 
it seems reasonable for us to share this valuable scientific offering——tempered 
to an appropriate level—with all students. Liberal arts students, like all other 
students, come to college not just to learn about spectfic subjects but for per- 
sonal prowth as well. This growth should include improvements in their ana- 
lytical and verbal-reasoning skills along with a boost in selFconfidence from 
having successfully met well-placed challenges. The value of our teaching, 
therefore, rests not only on our ability to help students learn chemistry but 
also on our ability to help them learn about themselves. 

These are the premises upon which C2c¿/⁄4/' C?ezz/s/ry was Written. 
You will ñnd the standard discussions of the applications of chemistry, 4s 
shown ¡n the table of contents lrue to its title, thís textbook also builds a 
conceptual base from which nonscience students may view natUr€ mOT€ p€F- 
ceptively by helping them visualize the behavior of atoms and molecules and 
showing them how this behavior gives rise to our macroscopic environment, 
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Numerical problem-solving skills and memorizatlon are not stressed. [nstead, 
chemistry concepts are developed ¡n a story-telling fashion with the Írequent 
use of analogies and tightÌy integrated illustrations and photographs. Follow- 
up exercises are designed to challenge the students understanding of concepts 
and their ability to synthesize and articulate conclusions. Concurrent with 
helping students learn chemistry, Cøc¿Ø/4/ C7/zzzs#ry aims to be a tool by 
which students can learn how to become better thinkers and reach their per- 
sonal goals of self-discovery. 


Organization 


The basic concepts of chemistry are developed in the first 12 chapters of 
Conceptual Cbe/stry. Threaded into the development, real-life applications 
facilitate the understanding and appreciation of chemistry concepts. Ín the 
remaining seven chapters, students have the opportunity to exercisc thetr 
understanding of earlier material as they explore numerous chemistry- 
related topIcs. 


Features 
Key features of (øzc¿p2al Cbemisry include the following: 


e A conversational and clear wriung style aimed at engaging student 
Interest. 


e© In-text Concept Checks that pose a question and provide an answer 
immediately. These questions primarily reinforce ideas just presented 
before the student moves on to new conc€pts. 


e© Hands-On Chemistry activities that allow students to witness chem- 
istry outside a formal laboratory setting. These activitles can be per- 
formed using common household ¡ingredients and equipment. Most 
chapters have two or three Hands-On fcatures, which lend themseÌves 
well to distance learning or to In-cÌass aCtIVItI€S. 


© Calculation Corners appear in selected chapters. They are included so 
that students can practice the quantitative-reasoning skills needed to 
perform chemical calculations. In each Calculation Corner, an example 
problem and answer show students how to perform a specific calcula- 
tion; then their understanding is tested in a Your Turn section. None of 
the calculatons involve skills beyond fractions, percentages, or basic 
algebra. 


Extensive end-of-chapter material includes: 


° Key Terms and Matching Defnitions providing a short summary of 
important terms that appear boldfaced ¡n the text. 


° Review Questions designed to guide the student throuph the essentials 
of the chapter. They are grouped by chapter section to help the student 
stay focused while reviewing the material. 


se Hands-On Chemistry Insights that follow up on the Hands-On 
Chemistry activities. These lnsiphts are desipgned to ensure that the 


student is getting the most out of performing the Hands-On activities 
and also to clear up any misconceptions that may have developed. 


® Exercises are designed to challenge student understanding of the chap- 
ter material and to erphasize critical thinking rather than mere recall. 
In many cases, the Exercises link chemistry concepts to familiar situa- 
tions. The solutons to all odd-numbered exercises and problems appear 
in Appendix C. Thus, you can consider assigning even-numbered exer- 
cises for group studies, in-class discussions, or exams. 


® Problems fcaturing concepts that are more clearly understood with 
numerical values and straightforward calculations. They are based on 
Information presented in the Calculation Corners and therefore appear 
only in chapters containing this feature. 


®  Discussion Topics in the topical chapters (13—19) prompt students to 
express their opinions on issues that have no definitive answers. These 
topIcs may promote student debate about controversial ideas. 


® Exploring Further references appear in every chapter, but are particu- 
larly important for the topical chapters for which you may be more 
Inclined to assign research papers or poster presentations. 


New to the Second Edition 


The many positive comments on C2cej£z2/ Cjeøzsrys readability have 
been inspiring. Building on this streneth, a major focus of this second edi- 
tion was placed on streamlining the narrative and aÌtering sentence struc- 
tures to take 2ce/a/ Cezzzírys user-frlendliness to an even higher 
level. Another Íocus was on updating the content based on a thorouph 
accuracy review of the Ñrst edition. 

Thịs second edition maintains the organizational structure of the first 
edition, with but one exception. Each chapter now ends with a section enti- 
tled “In Perspective.” This feature serves both as a chapter summary and as 
food for thought. Many examples of this feature were present in the Írst 
edition, but for thís second editon more were developed, and alÏ are now 
highlighted. 

Content changes include the introduction of breeder reactors in Chap- 
ter 4, The Atomic Nucleus. Also, the frst section of Chapter 6, Chemical 
Bonding, was substantially reworked to support a course syllabus in which 
the atomic models of Chapter 5 are not emphasized. Perhaps the most 
significant change is the addition oŸ a section on the second law of ther- 
modynamics, which you will ñnd as the last section of (tr An 
Overview of Chemical Reactions. This section was developed with the great 
assistance of Frank L. Lambert, Professor Emeritus of Occidental College. 
Frank aptly points out that entropy is merely a gauge of the natural ten- 
dency oŸ energy to disperse. For more on this fresh and simple approach, 
be sure to explore www.secondlaw.com. 

Other modifcations to this edition include an updating of the Web ref- 
erences found at the end of each chapter. [he topical chapters, such as 
Chapter 15, Optimizing Food Production, have also been updated based 
on current events. Also, you will ñnd that each chapter opens on an odd- 
numbered page. This feature facilitates the production of custom-published 
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versions oÊ Cø/e¿pzwal Cbeøistry. Let your saÌes represenfative know which 
chapters you would like your students to have, and four-color custom 
copies will quickly be available. 

The ancillaries that accompany the second cdition have also been 
reworked. Most notably, the test bank has been expanded to include a vast 
number of new questions as well as multiple-choice versions of all the Exer- 
cises and Problems that appear at the end of each chapter. Thesc multiple- 
choice versions of the Exercises and Problems also appear on the textbooks 
NWeb site. The intent is to provide a mechanism for rewarding students who 
have taken the time to work through the short-answer Exercises and Prob- 
lems in the textbook. 

Last but not least, you will fñnd that each copy of the second edition 
comes with the ñrst CD-ROM of C2c¿ø22l Cbemzstry Alzuel which is a self- 
guided tutorial designed to help your students come to class prepared for a 
student-centered learning experlence. 


Support Package 


The C2øzezpzwal Cberis#ry instructional package provides complete suppOort 
materials for both students and faculry. 


For the Student 


®© Coøceprual Cbemisgry Aluel is a semester-length student tutorial pre- 
sented by the author through a series of 12 CD-ROMs——one for each of 
the ñrst 12 chapters. This tutorial features mini-lectures, demonstra- 
tions, animations, home chemistry projects, and explorations of chem- 
istry ¡n the community. Students browse through Quicktime movies in 
an interactive environment that follows the Cøzcep#2/ CÖemzstry tabÌe 
of contents. After viewing a segment, students answer Concept Checks 
that encourage them to test their understanding of key material before 
progressing further. A students answers to these Concept Checks are 
recorded ¡n an electronic notebook that can be submitted to an instruc- 
tor for assessment. More than a study supplement, 2c¿Ð/2/ Cjem- 
jszy Al/we! is a textbook companion suitable for distance-learning 
programs and for instructors seeking to free up class time for student- 
centered curricula. 

A complimentary demonstration copy of the first CD is included in 
the front of each textbook. The full set of 12 discs is available to the stu- 
đent at a price that is afordable when bundled with a new textbook. Á 
full set may also be purchased separately from the textbook through 
www.ConceptChem.com, which ¡is the technical support Web site for all- 
Conceptual Chemistry Alzuel users. 

For further information, pÌease visit www.ConceptChem.com or con- 
tact your local sales representative, whom you may find through 
WWw.awl.com/replocator. 


e7 Cjemzry Placc Web site (http//www.aw.com/chemplace) is a unique 
study tool that offers detailed learning objectives, practice quizzes, fash 
cards, and Web links for cach chapter of the text. The Chemistry Place 
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also includes 30 new interactive tutorials, for a total of 41, featuring sim- 
ulations, animations, and 3-D visualization tools. Also new at The 
Chemistry Place ¡is the Research Navigator, a special portal to topical 
chemistry news and Web links. 


* 6/,dcnt Laboratory Mawual for Conceprall Cjezisiry (ISBN 0-8053- 
3238-3) co-authored with Donna Gibson, Chabot Collepge, features 
laboratory activities tightÌy correlated to the chapter content. 


For the Instructor 


® “The zs/r,ctorš Manwalfor Conceptal Chewsfry is very different from 
most others. More than 400 pages in length and written by the author, 
it Includes a variety of sample syllabi, lecture ideas and topics not 
treated in the book, teaching tips, and suggested step-by-step lectures 
and demonstrations. Answers to the Matching Key Terms and Review 
Questions and complete solutions to the Exercises and Problems are 
avatlable to Instructors In a format suitable for photocopying and post- 
¡ng for students to review. (ISBN 0-8053-3232-4) 


® 77c Cjemiswy Plzce Web site (http://Awww.aw.com/chemplace) contains 
areas accessible only by the course Instructor. Ihese areas provide an 
on-line syllabus manager and a link to the complete 7s/zc£orš Àfazual 
on-line. 


® A set of 250 four-color acetates of ñgures and tables from the text is 
available (ISBN 0-8053-3233-2). 


® A CD-ROM contains the book$ art library in a high-resolution format 
for electronic presentation (ISBN 0-8053-3231-6). 


® A test bank comes ¡n both printed format (ISBN 0-8053-3234-0) and 
on a cross-platform CD-ROM (ISBN 0-8053-3230-8). 


® Course management technologies: 
WWbC 7T: cms.aw.com/webct 
Blackboard: http://cms.aw.com/blackboard 
CourseCompassTM: www.coursecompass.com 
In addition to offering Blackboard, we also ofer CourseCompassTM_—— 
a nationally hosted on-line course management system. All Course- 
CompassTM and Blackboard courses offer preloaded content, including 
testing and assessment, interactive Web-based activities, animations, 
Web links, illustrations, and photos. To view a demonstration of any 
COUurse, go to http://cms.awlonline.com. 
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To the struggling student, thank you for your learning efforts—you are 
on the road to making this world a better place. 

Much effort has gone into keeping this textbook error-free and accu- 
rate. Ït is possible, however, that some errors or inaccuracies may have 
escaped our notice. Your forwarding such errors or inaccuracies to me 
would be greatly appreciated. Your questions, general comments, and crit- 
Icisms are also welcome. I look forward to hearing from you. 


jJobm Sucbocbi 
ConwceptCherm(9440Ì.c07n 


Wow, Greo† Uncle Paull Before †hịs chickle 
exhous†ed i†s inner spoce resources and poked 
ou† of ¡i†s shell, ¡† mus† have †hough† ¡† wos a† 
i†s lasf momen†s. Bu† who† seemed like ¡†s end 
Wos a new beginning. Are we like chickies, ready 
†o poke †hrough †o a new environmen† and 
new unders†onding of our place in †he universe? 


Looking at the World of Atoms and Molecules 


From afar, a sand dune looks to be made of a smooth, continuous material. 
Úp close, however, the dune reveals itself to be made of tiny particles of sand. 
In a similar fashion, everything around us—no matter how smooth it may 
appear—is made of basic units called atoms. Atoms are so small,however, that 
a single grain of sand contains on the order of 125 million trillion of them. 
There are roughly 250,000 tỉmes more atoms in a single grain of sand than 
there are grains of sand in the dunes of this chapter's opening photograph. 

As small as atoms are, there is much we have learned about them. We 
know, for example, that there are more than 100 different types of atoms, and 
they are listed in a widely recognized chart known as the periodic table.Some 
atoms link together to form larger but still incredibly small basic units of mat- 
ter called molecules. As shown to the right, for example, two hydrogen atoms 
and one oxygen atom link together to form a single molecule of water, which 
you may know as H;O. Water molecules are so small that an 8-oz glass of 
water contains about a trillion trillion of them. 

Our world can be studied at different levels of magnification. At the macro- 
scopic level, matter is large enough to be seen, measured, and handled. A 
handful of sand and a glass of water are macroscopic samples of matter. At 
the microscopic level, physical structure is so fine that it can be seen only with 
a microscope. A biological cell is microscopic, as is the detail on a dragonfly s 
wing. Beyond the microscopic level is the submicroscopic—the realm of 
atoms and molecules and an important focus of chemistry. 


Chemistry 
ls a Sclence 


Oxygen 
atom z 


Hydrogen 
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Water molecule, H;O 
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11 Chemistry Is a Central Science Useful to Our Lives 


ÑWhen you wonder what the Earth, sky, or ocean 1s made of, you are think- 
¡ng about chemistry. When you wonder how a rain puddle dries up, how a 
car gets energy from gasoline, or how your body gets energy from the food 
you cat, you are again thinking about chemistry. By deRnition, chemistry 
¡s the study of matter and the transíormations IL can undergo. Matter Is 
anything that occupies space. It ¡s the stufF that makes up all material 
things—anything you can touch, taste, smelÏ, see, or hear is matter. The 
scope of chemistry, therefore, is very broad. 

Chemistry is often described as a central science becausc it touches all the 
other sciences. It springs from the principles oŸ physics, and IL serves 4s 
the foundation for the most complex science of all—biology. Indeed, many 
of the great advances ¡n the life sciences today, such as genetic engineering, 
are applications of some very exotic chemistry. Chemistry sets the foundation 
for the Earth sciences—geology, volcanology, oceanography, meteorology—— 
as well as for such related branches as archeology. Ít is also an Important com- 
ponent of space science. Just as we learned about the origin of the moon from 
the chemical analysis of moon rocks in the early 1970s, we are now learning 
about the history of Mars and other planets from the chemical information 


gathered by space probes. 


Figure 1.1 

Chemistry is a foundation for many other disciplines. (a) Biochemists analyzing DNA profiles. 

(b) Meteorologist relasing weather balloon to study the chemistry of the upper atmosphere. 

(c) Technicians conducting DNA research. (d) Paleontologists preparing fossilized dinosaur bones 
for transport to laboratory for chemical analysis. (e) Astronomer studying the composition of 
asteroids. 
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Transparent matrix of 
processed silicon 
dioxide (Chapter 18) 


Chemically disinfected 
drinking water 
(Chapter 16) 


Caffeine solution 
(Chapter 14) 


Thermoset polymer 
(Chapter 12) 


Prescription medicines 
stored in refrigerator 
(Chapter 14) 


Chlorofluorocarbon-free 
refrigerating fluids 
(Chapter 17) 


Figure 1.2 
Most of the material items in any modern house are shaped by some human-devised 
chemical process. 


Progress in sclence, including chemistry, is made by scientists as they 
conduct research, which is any activity aimed at the systematic discovery 
and Iinterpretation of new knowledge. Basic research leads us to a greater 
understanding o£ how the natural world operates. Many scientists focus on 
basic rescarch. The foundation oÊ knowledge laid down by basic research 
frequently leads to useful applications. Research that focuses on developing 
these applicatlons is known as applied research. The majority of chemists 
have applied research as their major focus. Applied research ¡n chemistry 
has provided us with medicine, food, water, shelter, and so many of the 
material goods that characterize modern life. Just a fÍew of a myriad of 
examples are shown ¡in Figure 1.2. 

Over the course of the 20th century, we excelled at manipulating 
atoms and molecules to create materials to suit our needs. Át the same 
time, however, mistakes were made when it came to caring for the envi- 
ronment. Ñaste products were dumped into rivers, buried in the ground, 
or vented into the air without regard for possible long-term consequences. 
Many people believed that the Earth was so large that ¡ts resources were 
virtually unlimited and that it could absorb wastes without being, signifi- 
cantly harmed. 

Most nations now recognize this as a dangerous attitude. Ãs a result, 
Øøovernment apencIes, industries, and concerned citizens are involved In 
extensive efforts to clean up toxic-waste sites. Such regulations as the inter- 
national ban on ozone-destroying chlorofluorocarbons have been enacted 
to protect the environment. Mếmbers of the American Chemistry Coun- 
c¡l, who as a group produce 90 percent of the chemicals manufactured in 
the United States, have adopted a program called Responsible Care, in 
which they have pledged to manufacture without causing environmenral 
damage. The Responsible Care program——its emblem ¡s shown in Eigure 
1.3——is based on the understanding that just as modern technology can be 


Electrical energy from 
a fossil fuel or nuclear 
power plant (Chapter 19) 


Metal alloy 
(Chapter 18) 


Roasting carbohydrates, 
fats, proteins, and vitamins 
(Chapter 13) 


Natural gas laced with 
odoriferous sulfur 
compounds (Chapter 12) 


Fertilizer grown vegetables 
(Chapter 15) 


Figure 1.3 
The Responsible Care symbol of the 
American Chemistry Council. 
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Chapter 1 


Chemistry Is a Science 


Figure 1.4 

More than 70 percent of all legislation placed before the Congress of the United States 
addresses science-related questions and issues, and many of these issues pertain to chemistry. 
Learning about science is an important endeavor for all citizens, particularly those destined to 
become leaders. 


used to harm the environment, ít can also be used to protect the environ- 
ment. For example, by using chemistry wisely, most waste products can be 
minimized, recycled, engineered into sellable commoditles, or rendered envi- 
ronmentally benign. 

Chemistry has infuenced our lives in profound ways and wilÏ continue 
to do so in the future. For this reason, it ¡s in everyoneS interest to become 
acquainted with the concepts of chemistry. A knowledge of chemistry gives 
us a handle on many of the questions and issues we face as a society. Âre 
generic medicines really just as effective as brand-name ones (Chapter 14)? 
Should food supplements be federally regulated (Chapter 15)? Is genetically 
modifed food saf (Chapter 15)? Should ñuoride be added to local water 
supplies (Chapter 16)? What ¡s happening to stratospheric ozone, and how 
does this problem differ from the problem o£fglobal warming (Chapter 17)? 
\Why is it important to recycle (Chapter 18)? What should be our primary 
cnergy resources ¡n the future (Chapter 19)? t some point, either we or the 
people we elect will be considering questions such as these, as the scene in 
Figure 1.4 illustrates. The more informed we are, the greater the likelihood 
that the decisions we make will be good ones. 


Concept Check v 


Chemists have learned how to produce aspirin using petroleum as a start- 
ing material. ls this an example of basic or applied research? 


Was this Y0UF anSWef? Thị: is an example of applied research because the primary goal was to 
develop a useful commodity. However, the ability to produce aspirin from petroleum depended on an 
understanding of atoms and molecules, an understanding that came from many years of basic research. 
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I2 Sdence lsa Way of Understanding the Universe 


Science has given us much. Qur modern world is built on ít. Nearly all 
forms of technology—from medicine to space travel——are applications of 
sclence. But what exactly ¡s this amazing thing called se/zee? How should 
science be used? Where did science come from? And what would the world 
be like without it? 

Sclence is an organized body of knowledge about nature. Ït ¡s the prod- 
uct of observations, common sense, rational thinking, and (sometimes) 
brilliant insights. Science has grown out of group efforts as well as individ- 
uals` discoveries. It has been built up over thousands of years and gathered 
trom places all around the Earth. It ¡s a huge giÍt to us today from the 
thinkers and experimenters of the past. 

Yet sclence 1s not Just a body of knowledge. lt is also a method, a way 
of exploring nature and discovering the order within it. Importantly, sci- 
ence ¡s also a tool for solving problems. 

Sclence began back before recorded history, when people frst discovered 
eDeating patterns In nature, such as star patterns In the nipht sky, weather pat- 
terns, and patterns in animal migratlon. From these patterns, people learned 
to make predictions that gave them some control over their surroundings. 

Although there are many paths scientists can follow ¡in doing science, 
regardless of which path ¡s taken, a number of key elements traditionall 
arise:(observations, questions, scientiic hypotheses, predictions, and tests) 
A scientiic hypothesis ¡s a testable assumption, or guess, often used to 
explain an observed phenomenon. As Figure 1.5 suggests, the results of 
tests Invariably lead to further observations, questions, and scientiic hy- 
potheses, meaning that the scientific process can never have any end. 


A Study of Sea Butterflies lllustrates the Process of ScIence 


The scientifc process is aptly illustrated by the efforts of an Antarctic 
research team headed by James McClintock, professor of biology at the 
University of Alabama at Birmingham, and Bill Baker, professor of chem- 
istry at the University of South Florida, both shown in Eigure l.6. One 
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Figure 1.5 

The scientific process often—but not 
always—proceeds in the following 
order: observations, questions, scientific 
hypotheses, predictions, tests. Iests 
lead to more observations, more ques- 
tions, more scientific hypotheses, and 
so on. From this cyclic process comes a 
greater understanding of the universe. 


Figure 1.6 

The Chemical Ecology of Antarctic 
Marine Organisms Research Project was 
initiated in 1988 by James McClintock, 
shown here (fifth from left) with his 
team of colleagues and research assis- 
tants. In 1992, he was joined by Bill 
Baker (second from right). Baker is 
shown in the inset dressing for a dive 
into the icy Antarctic water. Like many 
other science projects, this one was 
interdisciplinary, involving the efforts of 
scientists from a variety of back- 
grounds. 
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(c) Sea butterfly 
and amphipod 


Figure 1.8 

In McClintock and Baker5 initial experi- 
ment, a predatory fish (a) rejected the 
sea butterfly, (b) ate the free-swimming 
amphipod, and (c) rejected the amphi- 
pod coupled with a sea butterfly. 


aspect of their research involved studying the toxic chemicals Antarctic 
marine organisms seCret€ to defend themselves against predators. McClin- 
tock and Baker observed an unusual relationship between two animal 
species, a sea butterly and an amphipod—a relationship that led to a ques- 
tion, a scientiñc hypothesis, a prediction, and tests about the chemistry 
involved in the relationship. 


1. Observation. The sea butterly C#øze Zzzzcfca is a brightly colored, 


shell-less snail with winglike extensions used in swimming (Figure 
1.7a), and the amphipod Ƒ#2er/ellz đ/i2t2#2 resembles a small shrimp. 
McClintock and Baker observed a large percentage of amphipods car- 
rying sea butterflies on their backs, with the sea burterflies held tightÌy 
by the hind legs of the amphipods (Figure 1.7b). Any amphipod that 
lost its sea butterfy would quickly seek another—the amphipods were 
actively abducting the sea butterfies! 


(b) 


Figure 1.7 

(a) The graceful Antarctic sea butterfly ¡is a species 
of snail that does not have a shell. (b) The shrimp- 
like amphipod attaches a sea butterfly to its back 
even though doing so limits the amphipods 
mobility. 


. Question. McClintock and Baker noted that amphipods carrying sea 


butterfies were slowed considerably, making the amphipods more vul- 
nerable to predators and less adept at capturing prey. hy then did the 
amphipods abduct the sea butterfles? 


. Scientifc Hypothesis Given their experience with the chemical 


defense systems of various sea organisms, the research team hypothe- 
sized that amphipods carry sea butterflies because the sea butterflies pro- 
duce a chemical that deters a predator of the amphipod. 


. Predicdton. Based on therr hypothesis, they predicted (a) that they 


would be able to isolate this chemical and (b) that an amphipod pred- 
ator would be deterred by ít. 


. Tests. To test their hypothesis and prediction, the researchers captured 


several predator fsh species and conducted the test shown ¡in Eigure 1.8. 
The ñsh were presented with solitary sea butterfies, which they took 
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into therr mouths but promptly spit back out. The fñsh readily ate 
uncoupled amphipods but spit out any amphipod coupled with a sea 
butterfly. These are the results expected if the sea butterly was secreting 
some sort of chemical deterrent. The same results would be obtained, 
however, 1Ý a predator fish simply didnt like the feel of the sea butterfly 
In its mouth. The results of this simple test were therefore ambiguous. 


All scientifc tests need to minimize the number of possible conclu- 
sions. Often this is done by running an experimental test alongside a con- 
trol test. Ideally, the two tests should difer by only one variable. Any di 
ferences in results can then be attributed to how the experimental test 
difered from the control test. 

To conirm that the deterrent was chemical and not physical, the 
researchers made one set of food pellets containing both fsh meal and sea- 
butterfy extract (the experimental pellets). For their control test, they made 
a physically identical set containing only ñsh meal (the control pellets). 
As shown ¡n EFigure 1.9, the predator fñsh readily ate the control pellets but 
not the experimental ones. These results stronply supported the chemical- 
đeterrent hypothesis. 

Further processing of the sea-butterfly extract yielded fñive major chem- 
ical compounds, only one of which deterred predator fish from cating the 
pellets. Chemical analysis of this compound revealed ¡t to be the previously 
unknown molecule shown in Figure 1.10, which they named pteroenone. 

As frequently happens in sclence, McClintock and Bakers results 
led to new questions. What are the properties of pteroenone? oes 
this substance have potential for treating human disease? In fact, 

a majority of the drugs prescribed in the nited States were : 
developed by chemists working with naturally occurring mate- / Í 
rials. As we explore further in Chapter lá, this is an Important 
reason to preserve marine habitats and tropical rainforests, which 
house countless yet-to-be-discovered substances. 


Reproducibility and an Attitude of Inquiry 
Are Essential Componenfs of ScIence 


In addition to running control tests, scientists confirm experimental results 
by repeated testing. The Antarctic researchers, for example, made many 
food pellets, both experimental and control, so that each test could be 
repeated many times. Only after obtaining consistent results can a scientist 
begin to decide whether the hypothesis in questlon ¡is supported or not. 

If there is an undetected variable or aw in an experiment, It doesnt 
matter how many times the tests are repeated. Measuring your weight on a 
broken scale is a good example ofa fawed procedure—no matter how many 
times you step on the scale, the weight you measure wilÌ be wrong every 
time. Similarly, had the Antarctic researchers not been careful to make sure 
the fsh in the experimental and control tests were equally hungry and of the 
same species, their results and conclusions would have been unreliable. 

Because of the great potential for unseen error in any procedure, the 
results of a scientifc experiment are considered valid only ¡f they can be 
reproduced by other scientists working in similarly equipped laboratories. 
This restriction helps to confirm the experimental results and lends more 


(a) Control 
pellets 


đụ 


(b) Experimental 
pellets 


Figure 1.9 

The predator fish (a) ate the control pel- 
lets but (b) rejected the experimental 
pellets, which contained sea-butterfly 
extract. 


Pteroenone 


Figure 1.10 

Pteroenone is a molecule produced by 
sea butterflies as a chemical deterrent 
against predators. lts name is derived 
from pfero-, which means “winged” (for 
the sea butterfly), and -enone, which 
describes information about the chem- 
ical structure. The black spheres repre- 
sent carbon atoms, the white hydrogen 
atoms, and the red oxygen atoms. 
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Chapter † 


Chemistry Ís a Science 


Figure 1.11 
Roy Plunkett (right) and his colleagues pose for this reenactment photograph of their discovery 
of Teflon. Their success was due in great part to their curiosity. 


credence to an interpretation. Reproducibility is an essential component of 
science. Without it, the understandings we gain through sclence become 
questionable. 

Although the traditional methods of science are powerful, the success of 
science has more to do with an 4//⁄2¿common to scientists rather than with 
a particular method. Thịs attitude is one of inquiry, experimentation, hon- 
esty, and a faith that all natural phenomena can be explained. Accordinply, 
many scientifc discoveries have involved trial and error, expertimentation 
without guessing, or just pÏain accidental discovery. In the late 1930s, for 
example, the DuPont researcher Roy Plunkett and his colleagues, shown in 
Eigure 1.11, filled a pressurized cylinder with a gas called tetrafuoroethylene. 
The next morning they were surprised to discover that the cylinder appeared 
empty. Not believing that the contents had simply vanished, they hacksawed 
the cylinder apart and discovered a white solid coating the inner surface. Dri- 
ven by curiosity, they continued to investigate the material, which eventualÌy 
came to be known and marketed as the highly useful polymer Tefon. 


Concept Check v 


Why is it important for a scientist to be honest? 


Was this Y0ULF answer? Any discovery made by a scientist is subject to the scrutiny and testing of 
other scientists. Sooner or later, mistakes or wishful thinking or even outright deceptions are found out. 
Honesty, so important to the progress of science, thus becomes a matter of self-interest. 


1.2 Science ls a Way of Understanding the Universe 


A Theory Is a Single Idea That Has Great Explanatory Power 


Pertodically, sclence moves to a point where a wide range of observations 
can be explained by a single comprehensive idea that has stood up to 
repcated scrutiny. Such an idea ¡s what scientists call a theory. Biologists, 
for Instance, speak of the /ðeøry øƒ142#7z4Í selectzøz and use ït to explain both 
the unity and the diversity of life. Physicists speak of the /#eøzy øƒz£l2#/4y 
and use ¡t to explain how we are held to the Earth by gravity. Chemists 
speak of the ZØ/øzy øƒ£ a/øz and use ít to explain how one material can 
transform into another. 

Theories are a foundation of science, but they are not fixed. Rather, 
they evolve as they go through stages of redefinition and relnement. Since 
It was fñirst proposed 200 years ago, for example, the theory of the atom has 
been repeatedÌy refined as new evidence about atomic behavior has been 
gathered. Those who know litde about science may argue that scientilic 
theories have little value because they are always being modifed. Those 
who understand scIence, however, se ¡t differently——theories grow stronger 
as they are modifed. 


ScIence Has Limitations 


Science is a powerful means of gaining knowledge about the natural world, 
but ít 1s not without limitations. No experiment can ever prove defnitively 
that a scilentifc hypothesis ¡is correct. What happens instead ¡s that we gaIn 
more and more confidence in a hypothesis as it continues to be supported 
by the results of many different experiments conducted by many different 
investigators. IÝ any experimental result contradicts the hypothesis, and If 
this result is reproducible, the hypothesis must be either discarded or revised. 
Even the most firmly planted theories are subJect to this same scrutiny. 


Science is a window †Through which we are 
able †o perceive nog†ure wi†h grea†er clarify~ 
i† is a woy of unders†anding no†ure. In using 
Concepfual Chemisfry, you wWill cer†oinly leorn 
†he woys Of science. Your ul†imo†e godl, 
however, should be †o use sclence †o help 
you qơin q richer perspec†ive on the na†urdl 
environmen† becouse you ore such an in†eqrol 
por† of tha† environmen†. 
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Figure. 1.12 

The tree Ayano hugs is made primarily 
from carbon dioxide and water, the 
very same chemicals Ayano releases 
through her breath. In return, the tree 
releases oxygen, which Ayano uses to 
sustain her life.We are one with our 
environment down to the level of 
atoms and molecules. 


Science deals only with hypotheses that are testable. As sụch, its domain 
¡s restricted to the observable natural world. While scientific methods can 
be used to debunk various claims, science has no way of verlfying testl- 
monies involving the supernatural. The term s⁄2772//72/ literally means 
“above nature.” Science works within nature, not above it. Likewise, scI- 
ence is unable to answer such philosophical questons as “What is the 
purpose of life?” or such religious questions as “hat is the nature of the 
human spirit” Though these questions are valid and have great Impor- 
tance to us, they rely on subjective personal experience and do not lead 
to testable hypotheses. 


Concept Check v 


Which statement is a scientific hypothesis? 
a. The moon is made of Swiss cheese, 
b. Human consciousness arises from an essence that is undetectable. 


Was this y0uf anSW€fT? Both statements attempt to explain observed phenomena, and so both 
are hypotheses. Only statement a is testable, however, and therefore only statement a is a scientific 
hypothesis. 

While we shall never be able to detect the undetectable, we have traveled to the moon and found 
that ít is not made of Swiss cheese (the last manned flight to the moon was in 1974). Analyses of moon 
samples have shown that the moon has a chemical composition very similar to that of the Earth, a find- 
ing that led to more questions and scientific hypotheses. For example, why are the moon and the Earth 
of similar chemical composition? Were they once bound together as a single body that split apart bil- 
lions of years ago? Continued experiments suggest that the answer to this question is yesl 


Science Helps Us Learn the Rules of Nature 


Just as you cant enjoy a ball game, computer game, or party game until you 
know its rules, so it is with nature. Because science helps us learn the rules 
of nature, ¡t also helps us appreclate nature. You may see beauty In a tree, 
but you ÌÍ see more beauty in that tree when you realize that It was created 
from substances found not in the ground but primarily in the alr—specIf- 
ically, the carbon dioxide and water put into the air by respiring organisms 
such as yourself (Figure 1.12). 

Learning science builds new perspectives and is not unlike chmbing a 
mounrtain. Each step builds on the previous step while the view grows ever 
more astounding. 


15 Sclentists Measure Physical Quantities 


Science starts with observations. lo get a ñrm handle on an observation, 
however, the observer should take measurements. For example, its not 
enoueh to observe that a material has mass. A more complete observation 
will include both a measurement of how mụuch mass and a measurement of 
how much volume this mass occuptes. By quantifying observations, we are 
able to make objective comparisons, share accurate information with oth- 
ers, or look for trends that might reveal some inner workings oŸ nature. 
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Sclentists measure ø/Js/c2/ ø2?ø//2es. Some examples of physical quan- 
tiles you will be learning about and using ¡n this book are length, time, 
mass, weight, volume, energy, temperature, heat, and density. Any mea- 
surement of a physical quantity must always include a number followed by 
a 7 that tells us what was measured. It would be meaningless, for 
Instance, to say that an animal ¡s 3 because the number by itself does not 
gIve us enouph information. The animal could be 3 meters tall, 3 kilograms 
In mass, or even 3 seconds old. Meters, kilograms, and seconds are alÏ units 
that tell us the significance of the physical quantity, and they must be 
included to complete the description. 

There are two major unit systems used in the world today. One ¡s the 
Dnited States Customary System (USCS, formerly called the British System 
of Units), used in the United States, primarily for nonscientilc purposes.* 
The other 1s the Système International (SI), which ¡s used in most other 
nations. This system ¡s also known as the International System of Units or 
as the metric system. Ihe orderliness of this system makes ït useful for sci- 
entific work, and ¡t is used by scientists all over the world, including those 
in the United States. (And the International System is bepinning to be used 
for nonscientific work in the United States, as Figure 1.13 shows.) 

Thịs book uses the SĨ units given in Table 1.1. On occasion, USCS 
units are also used to help you make comparIsons. 


Table 1.1 


Metric Units for Physical Quantities and Their USCS Equivalents 


Physical - Metric 
Quantity Unit Abbreviation USCS Equivalent 
length kilometer km 1 km = 0.621 miles (mi) 
meter m 1m = 1.094 yards (yd) 
centimeter cm 1 cm = 0.3937 inches (in.) 
1ïn.= 2.54 cm 
millimeter mm none commonly used 
tỉme second S second also used in USCS 
mass kilogram kg 1 kg = 2.205 pounds (Ib) 
gram g 1g = 0.03528 ounces (0z) 
1oz = 28.345g 
milligram mg none commonly used 
volume liter L 1L = 1.057 quarts (qt) 
milliliter mL 1 mL = 0.0339 fl oz 
cubic centimeter cm3 1 cm3 = 0.0339 fl oz 
energy kilojoule kJ 1 kJ = 0.239 kilocalories (kcal) 
joule J 1 J = 0.239 calories (cal) 
1 cal = 4.184 J 
temperature degree Celsius BÁC (°C X 1.8) +32 = 
degrees Fahrenheit, °F 
kelvin K °€+273=K 


—— — ————ễễễẼễễ———— 


*Two other countries that continue to use the USCS are Liberia and Myanmar. 


Figure 1.13 

The metric system is finally making 
some headway in the United States, 
where various commercial goods, 
such as Evan% favorite soda, are now 
sold in metric quantities. 
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ni n Corner: Unit Conversion 


Welcome †o Calculation Cornerl Concepfual Chemisfry focuses on visual models and 
qudli†afive unders†andings. As wi†h any o†her sclence, however, chemis†ry has i†s 
quonti†o†ive ospec†s. In fac†, i† is only by †he im†erpre†oTion of quoanfi†a†ive da†a 
ob†oined †hrough laborofory experimen†s †ha† chemical concep†s can be reliobly deduced. 
Thus, i† is only no†urol †ha† †here are †imes when your concep†uol unders†anding of 
chemis†ry can be nicely reinforced by some simple, s†roigh†forword colcula†ions. 


L. 


Often in chemistry, and espe- 
cially in a laboratory setting, 1t 
is necessary to convert Írom one 
unit to another. lo do so, you 
need only multiply the given quantity by the 
appropriate cøzzs/øz ƒ2e£øz. All conversion fac- 
tors can be written as ratios In which the numer- 
ator and denominator represent the equivalent 
quantity expressed ¡n different units. Because 
any quantity divided by irself ¡s equal to 1, all 
conversion factors are equal to 1. For example, 
the following two conversion factors are both 
derived from the relationship 100 centimeters = 
J nicLcr, 


100 centimeters _ 1 meter 


l meter 100 centimeters 

Because all conversion factors are equal to 1, 
multiplying a quantity by a conversion fÍactor 
does not change the value of the quantity. What 
does change are the units. Suppose you measured 
an item to be 60 centimeters in length. You can 
convert this measurement to meters by multiply- 
¡ng ít by the conversion factor that allows you to 
canceÌ centImeters. 


Example 
Convert 60 centimeters to meters. 


Ânswer 
: l1 meter 
(60c gio -— SIDE-S SIU =0.6 meter 
` (100 centteters) 
quanuty Conversion quantity 
in centImeters factor in meters 


To derive a conversion factor, consult a table 
that presents unit cqualities, such as Table 1.1. 
Then multiply the given quantity by the conver- 
sion factor, and voilà, the units are converted. 
Always be careful to write down your units. They 
are your ultimate guide, telling you what num- 
bers go where and whether you are setting up the 
equation properly. 


Your Turn 

Multiply cach physical quantity by the appropri- 
ate conversion factor to ñnd ¡ts numerical value 
¡in the new unit indicated. You wilÏ need paper, 
pencil, a calculator, and Tables 1.1 and 1.2. 


a. 7320 grams to kilograms. 
b. 235 kilograms to pound:. 
c. 4500 milliliters to Ìiters. 

d. 2.0 liters to quarts. 

e. 100 calorles to kilocalorles. 
£. 100 calories to joules. 


1Öe amsuuers [or Calculation Corners apÐear at te 
cndl oƒ cách cbapter. 


One major advantage of the metric system is that it uses a decimal sys- 
tem, which means all units are related to smaller or larger units by a fac- 
tor oŸ 10. Some of the more commonly used prefixes along with their 
decimal equivalents are shown in Table 1.2. From this table, you can see 
that 1 kilometer ¡s equal to 1000 meters, where the preflx #Z/2- indicates 


1.4 Mass ls How Much and Volume ls How Spacious "15 


Table 1.2 


Metric Prefixes 


Decimail Exponential 
Prefix Symbol Equivalent Form Example 
tera- T 1,000,000,000,000. 1012 1 terameter (Tm) = 1 trillion meters 
giga- G 1,000,000,000. 103 1 gigameter (Gm) = 1 billion meters 
mega- M 1,000,000. 106 1 megameter (Mm) = 1 million meters 
kilo- k 1,000. 103 1 kilometer (km) = 1 thousand meters 
hecto- h 100. 102 1 hectometer (hm) = 1 hundred meters 
deka- da 10. 101 1 dekameter (dam) = ten meters 
no prefix — II 109 1 meter (m) = 1 meter 
deci- d 0.1 101 1 decimeter (dm) = 1 tenth of a meter 
Centi- (6 0.01 10~2 1 centimeter (cm) = 1 hundredth of a meter 
mili- m 0.001 10-3 1 millimeter (mm) = 1 thousandth of a meter 
micro- U 0.000 001 10-6 1 micrometer (m) = 1 millionth of a meter 
nano- n 0.000 000 001 T0 1 nanometer (nm) = 1 billionth of a meter 
pico- p 0.000 000 000 001 10712 1 picometer (pm) = 1 trillionth of a meter 


1000. Likewise, 1 millimeter ¡is equal to 0.001 meter, where the prefix 
ll?- Iadicates ⁄4000. You need not memorize this table, but you wIll find 
it a useful reference when you come across these prefixes In your course 
OoÊ study. 

The remaining sections o this chapter introduce some physical quan- 
tities important to the study of chemistry. In the spirit of the atomic and 
molecular theme of. Cø⁄eeø#⁄42! C#zsry, these physical quantitiles are 
described from the point oŸ view oŸ atoms and molecules. In addition to 
physical quantities, the various phases of matter—solid, liquid, gas——are 
also described from the point oÊ view of atoms and molecules. 


14 Mass ls How Much and Volume Is ` 


To describe a material object, we can quantify any number of properties, 
but perhaps the most fundamental property is mass. Mass is the quantita- 
tive measure of how much matter a material object contains. The greater 
the mass of an object, the greater amount o£ matter in ¡t. Â gold bar that is 
twice as massive as another gold bar, for example, contains twice as many 
gold atoms. 

Mass is also a measure of an objects #¿z/22 which is the resistance the 
object has to any change In its motlon. Â cement truck, for example, has a 
lot of mass (inertia), which ¡s why ¡t requires a powerful engine to get mâmOV- 
¡ng and powerful brakes to come to 4 stOp. 

The standard unit of mass is the #/øøz⁄, and a replica of the primary 
cylinder used to determine cxácty what mass ”Ï kilopram” describes 1s 
shown in Eigure 1.14. An average-sized human male has a mass ofabout 70 


Figure 1.14 

The standard kilogram is defined as 
the mass of a platinum-iridium cylin- 
der kept at the International Bureau 
of Weights and Measures in Sevres, 
France. The cylinder is removed from 
its very safe location only once a year 


kilograms (154 pounds). For smaller quanuities, we us€ the øz⁄. lable 1.2 
tells us that the prefix #//2- means “1000,” and so we see that 1000 grams 
are needed to make a single kilogram (1000 grams = 1 kilogram). For even 
smaller quantities, the ø2//2gz⁄Z7 1s used (1000 milligrams = I gram). 


for comparison with duplicates, sụuch as 
the one shown here, which is housed 
at the National Institute of Standards 
and Technology in Washington, D.C. 
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Welcome †o "Hands-On Chemis†ry,' †he in†erocfive corner of your Concepfual Chemisfry 
†exibook. This feo†ure provides you †he oppor†uni†y †o opply chemis†ry concep†s ou†side 
a formol lobora†ory se††ing. Each acfivify is quaron†eed †o be meoningfl, in†eres†ing, and, 
a† Times, surprIsing. 

A† †he end of each chap†er, you will find follow-up discussions, colled Tnsigh†s, for 
eoch Hands-On Chemistry ac†ivify. Ideolly, you should look over †he Tnsigh†s only af†er 
you have a††emp†ed †he octivify. The job of †he Insigh†s is †o correc† any misconcep†ions 
you moy have dbou† †he resul†s of †he activify and olso †o provide food for furTher 
†hough†—sor† of a “Ainds-On Chemis†ry.” So le†s beginl 


, | Chemistru 


82) Hands-On Chemistry: Penny Fingers 51. 


Pennies dated 1982 or earlier are nearly pure copper, each having a mass of 
about 3.5 grams. Pennies dated after 1982 are made of copper-coated zinc, 
each having a mass of about 2.9 grams. Hold a pre-1982 penny on the tip of 
your right index finger and a post-1982 penny on the tip of your left index fin- 
ger. Move your forearms up and down to feel the difference in inertia—the dif- 
ference of 0.6 grams (600 milligrams) is subtle but not beyond a set of well- 
tuned senses. lf one penny on each finger is below your threshold, try two 
pre-1982s stacked on one finger and two post-1982s stacked on the other. 
Share this activity with a friend. 


Mass is casy to understand. Ït is simpÌy a measure of the amount of 
matter in a sample, which ¡s a function of how many atoms the sample 
contains. Accordingly, the mass of an object remains the same no matter 
where it ¡s located. A one-kilogram gold bar, for example, has the same 
mass whether ít is on the Earth, on the moon, or floating “weightless” 
in space. This is because it contains the same number of atoms in each 
location. 

Weight is more complicated. By definition, weight is the gravitatlonal 
force exerted on an object by the nearest most massive body, such as the 
Earth. The weight of an object, therefore, depends entirely upon its loca- 
tion, as is shown ¡n Figure 1.15. ©n the moon, a gold bar weighs less than 
it does on the Earth. This is because the moon 1s mụuch less massive than 
the Earth; hence, the gravitational force exerted by the moon on the bar is 
much less. On Jupiter, the gold bar would weigh more than it does on the 
Earth because of the greater gravitatlonal force exerted on the bar by this 
very massive planet. 

Because mass ¡s independent of Ïocation, it is customary in science to 
measure matter by its mass rather than its welpht. Cøzcep£⁄4l Cemistry 
adheres to this convention by presenting matter in units of mass, such as 
kilograms, grams, and milligrams. Such weight units as pounds and tons 
(1 ton = 2000 pounds) are occasionally provided as a reference because of 
their familiarity. 
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* 


Mass = 1 kq 
Weight = 0lb 


+ Mass = 1kq 
Weight=037lb  “* 


Deep in outer space 


Figure 1.15 
(a) A 1-kilogram gold bar resting on the Earth weighs 2.2 pounds. (b) On the moon, this same 
gold bar would weigh 0.37 pound. (c) Deep in space, free from any planetary surface, the gold 
bar would weigh 0 pounds but still have a mass of 1 kilogram. 


Concept Check v 


ls there gravity on the moon? 


Was this Yÿ0uF aânSW€F? ves, absolutely! The moon exerts a downward gravitational pull on 
any body near its surface, as evidenced by the fact that astronauts were able to land and walk on the 
moon. This NASA photograph shows an astronaut jumping. Without gravity, this jump would have 


been his last. 

So, since there is gravity,why doesnrt the flag droop downward? Look carefully and you'll see that 
it is hẻld up by a stick across its top edge. There is no wind on the moon (because there is no atmo- 
sphere), and so the crew used the support stick to make the wrinkled flag display nicely in photographs. 


The amount of space a material object occupies is its volume. The SĨ 
unit of volume ¡is the liter, which ¡s only slightly larger than the USCS unit 
of volume, the quart. Á liter 1s the volume of space marked off by a cube 
measuring 10 centimeters by IŨ centimeters by 10 centimeters, which is 
1000 cubic centimeters. A smaller unit of volume ¡s the milliliter, which 
is 4000 o£a liter, or l cubic centImeter. 
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A convenient way to measure the volume ofan irregular object is shown 
in Figure 1.16. The volume of water displaced ¡s equal to the volume of 
the obJect. 

Figure 1.17 gives you a sense of the relative sizes ofsome familiar obJects, 
some very large ones, and some very small ones. 


th=—————— 


WNREX. XÍ2H 


CN... 


' 4ọo Ni 


Figure 1.16 

The volume of an object, no matter what its shape, can be measured by the displacement 
of water. When this rock is inmersed in the water, the rise in the water level equals the 
volume of the rock, which in this example measures about 90 mL. 
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Hands-On Chemistry: Decisive Dimensions 


This activity challenges any misconceptions you might have about what deter- 
mines volume as it answers the question “Can one object have a greater mass 
than another and yet have the same volume?”“ Try this activity and find out. 


What You Need 


Tall, narrow glass; masking tape; empty film canister with lid; bunch of pennies 


Procedure 


Œ@Ò Fill the glass two-thirds full with water and mark the water level with 
masking tape. 


@) Fill the canister with pennies. Cap the canister and place it in the 
water. Note the new water level with a second strip of tape. 


(8) Remove the canister, being careful not to splash water out of the glass. 
lf the water level after you remove the canister is below the original 
level, add water until the volume is again at that level. 


4 Remove half the pennies from the canister so as to decrease its mass. 
Cap the canister, predict how much the water level will rise when you 
submerge the canister, and then submerge it. 


Which statement do your results support: 


a. The volume of water an object displaces depends only on the 
dimensions of the object and not on its mass. 

b. The volume of water an object displaces depends on both the 
dimensions and the mass of the object. 


15 Energy ls the Mover of Matter 


Matter is substance, and energy is that which can move substance. [he con- 
cept of energy ¡s abstract and therefore not 4s easy to define as the concepts 
of mass and volume. One deÑnition of energy ¡is the capacity to do work. 
If something has energy, it can do work on something Ìse—it can exert a 
force and move that something else. Accordingly, energy 1s not something 
we observe directly. Rather, we only witness its effects. 

There are two principal forms of energy: potential and kinetc. Poten- 
tỉaÍ energy is stored energy. A boulder perched on the edge of a cliff has 
potential energy due to the Íorce of gravity, just 4s the poised arrow in Fig- 
ure 1.18 has potential energy due to the tension force of the bow. The 
potential energy of an object InCreases 4s the distance over which the force 
¡s able to act increases. The higher a boulder is positioned above levcl 
ground, the more potential energy 1t has to do work as ¡it falls downward 
under the pull of gravity. Similarly, an arrow In a fully drawn bow, for 
example, has more potential energy than does one in a half£drawn bow. 
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Figure 1.18 

Much of the potential energy in lans 
drawn bow will be converted to the 
kinetic energy of the arrow upon its 
release. 
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Figure 1.19 

A firecracker is a mixture of solids that 
possess chemical potential energy. 
When a firecracker explodes, the solids 
react to form gases that fly outward 
and so possess a great deal of kinetic 
energy. Light and heat (both of which 
are forms of energy) are also formed. 


Kinetic energy is the energy of motion. Both a falling boulder and a 
fying arrow have kinetic energy. The faster a body moves, the more kinetic 
energy it has and therefore the more work ¡t can do. For example, the faster 
an arrow fies, the more work it can do to a target, as evidenced by its 
deeper penetration. 


Concept Check v 


How does a flying arrow have potential energy as well as kinetic energy? 


Was this Yy0UuF ansWef? It ha: potential energy as long as it remains above the ground. Ônce it 
reaches the ground, its potential energy is zero because it no loiger has any potential to do work. 


Chemical substances possess what is known as cÐ/7/c4l potet/2Í e£r@}, 
which ¡s the energy that ¡s stored within atoms and molecules. Any mate- 
rial that can burn has chemical potential energy. The firecracker in Figure 
1.19, for example, has chemical potential energy. This energy gets released 
when the firecracker ¡is ignited. During the explosion, some of the chemi- 
cal potential energy ¡s transformed to the kinetic energy of Ñying particles. 
Much of the chemical potential energy ¡s also transformed to lipht and heat. 
We explore the relationship between energy and chemical reactions In 


Chapter 9. 
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Concept Check v 


How does a wooden arrow lying on the ground have potential energy? 


Was this Y0OUFT añSW€F? The arrow contains chemical potential energy because it can burn. 


The SĨ unit of energy is the 72/2, which ¡s about the amount of energy 
released from a candle burning for only a moment. In the United States, 
a common unit of energy 1s the đZ/øz/e. One calorie is by deRnition the 
amount o energy required to raise the temperature of 1 gram of water by 
1 degree Celsius. One calorie ¡s 4.184 times larger than 1 joule. Put dif- 
ferently, 4.184 joules of energy ¡s equivalent to 1 calorie (4.184 joules = 
1 calorie). So, a joule is about one-fourth of a calorie. 

In the United States, the energy content of food ¡is measured by the 
Cziorz£ (note the uppercase C}). Cne Calorie equals 1 kilocalorie, which ¡s 
1000 calories (note the lowercase c). [he candy bar in Figure 1.20 offers 
230 Calories (230 kilocalories), bestowing a total of230,000 calories to the 


CO'"SU1mM€F. 
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Figure 1.20 

The energy content of this candy bar (230 Calories = 230,000 calories), when released 
through burning, is enough to heat up 230,000 grams (about 507 pounds) of water by 
1 degree Celsius. 


16  Temperature ls a Measure of How Hot-Heat Ít ls Not 


The atoms and molecules that form matter are in constant motion, Jjigeling 
to and fro or bouncing from one positlon to another. By virtue of their 
motion, these particles possess kinetic energy. Their average kinetic energøy Is 
directly related to a property you can sense: how hot something ¡s. When- 
ever something becomes warmer, the kinetic energy of its submicroscopIc 


particles increases. For example, strike a penny with a hammer and the Figure 1.21 

Ặ Ũ lên Dị SG. và The difference between hot coffee and 
J2 9/ : =.. ko h2 nh ng KH hi J cold coffee is the average speed of the 
faster, increasing their kinetic energy (the hammer becomes warm for the ma i6 rerotcore 
same reason). Put a Ñame to a liquid and the liquid becomes warmer because cules are moving faster, on average, 

, - than they are in the cold coffee. (The 
move Íaster 

the CHCIĐSY of the flame causes the particles of the liquid luôn ng longer “motion trails”“on the molecules 


increasing their kinetic energy. For example, the molecules in the hot coffee đi: 4/2/0071 16 trai xe7 
in Eigure 1.21 are moving faster, on average, than those in the cold cofee. speed.) 
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Figure 1.22 

Can we trust our sense of hot and 
cold? Will both fingers feel the same 
temperature when they are put in the 
warm water? Try this yourselfí, and you 
will see why we use a thermometer for 
an objective measurement. 


The quantity that tells us how warm or cold an object is relative tO 
some standard is called temperature. Ñe express temperature by a number 
that corresponds to the degree of hotness on some chosen scale. Just touch- 
¡ng an object certainly isnt a good way of measuring its temp€rature, as EFig- 
ure 1.22 illustrates. To measure temperature, therefore, we take advantage 
of the fact that nearly all materials xpand when their temperature is raised 
and contract when it is lowered. With increasing temperature, the particles 
move faster and are on average farther apart—the material expands. With 
decreasing temperature, the particles move more slowÏy and are on average 
closer together—the material contracts. A thermometer exploits this char- 
acteristic of matter, measuring temperature by means of the expansion and 
contraction o£a liquid, usually mercury or colored alcohol. 


Concept Check v 


You may have noticed telephone wires sagging on a hot day. This hap- 
pens because the wires are longer in hot weather than in cold. What is 
happening on the atomic level to cause such changes in wire length? 


Was this YOUF anSW€F? On a hot day, the atoms in the wire are moving faster, and as a result 
the wire expands. On a cold day, those same atoms are moving more slowly, which causes the wire to 
contract. 


The most common thermometer in the world ¡s the Celsius ther- 
mometer, named in honor of the Swedish astronomer Anders Celsius 
(1701-1744), who ñrst suggested the scale of 100 degrees between the 
freezing point and boiling point of fresh water. In a Celstus thermometet, 
the number 0 is assigned to the temperature at which pure water freezes and 
the number 100 ¡s assigned to the temperature at which ít boils (at stan- 
dard atmospheric pressure), with 100 equal parts called 4øzze: between 
these two pOoInts. 

In the United States, we use a Fahrenheit thermometer, named after Its 
Originator, the German scientist G. D. Fahrenheit (1686—1736), who chose 
to assign 0 to the temperature of a mixture containing equal weiphts o£ 
snow and common salt and 100 to the body temperature of a human. 
Because these reference points are not dependable, the Fahrenheit scale has 
since been modifed such that the freezing point of pure water is designated 
32°F and the boiling point of pure water ¡is designated 212°E. On this recal- 
ibrated scale, normal human body temperature 1s around 98.6°E. 

A temperature scale favored by sclentists is the Kelvin scale, named 
after the British physicist Lord Kelvin (1824-1907). Thịs scale is cali- 
brated not in terms of the freezing and boiling points o£ water but rather 
in terms of the motion o£atoms and molecules. On the Kelvin scale, zero 
¡s the temperature at which there ¡s no atomic or molecular motion. This 
¡sa theoretical limit called absolute zero, which ¡s the temperature at 
which the particles of a substance have absolutely no kinetic energy to 
give up. Absolute zero corresponds to —459.7°E on the Fahrenheit scale 
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Figure 1.23 
Some familiar temperatures measured on the Fahrenheit, Celsius, and Kelvin scales. 


and —273.15°C on the Celsius scale. On the Kelvin scale, this tempera- 
ture ¡s simply 0 K, which ¡s read “zero kelvin” or “zero K.” Marks on the 
Kelvin scale are the same distance apart as those on che Celsius scale, and 
so the temperature of freezing water is +273 kelvin. (Note that the word 
2øree 1s not used with the Kelvin scale. To say “273 degrees kelvin” is 
incorrect. To say “273 kelvin” ¡s correct.) The three scales are compared 
HH FICULUC 1.22. 

Ít is important to understand that temperature is a measure of the 
/rg amount of energy ¡n a substance, not the Zø2/amount of energy, 
as Figure 1.24 shows. The total energy in a swimming pool full o£ boiling 
water is mụch more than the total energy in a cupful of boiling water 
even though both are at the same temperature. Your utility bilÏ after 
heating the swimming pool water to 100°C would show this. 
Whereas the total amount of energy in the pool is much more 
than in the cup, the Zøzzøe molecular motion ¡s the same In 
both water samples. The water molecules in the swimming 
pool are moving on average just as fast as the water molccules 
in the cup. The only difference is that the swimming pool 
contains more water molecules and hence a greater total 
amount of energy. 

Heat is energy that flows from a higher-temperature object to a Ìower- 
temperature object. IÝ you toúch a hot stove, heat cnters your hand 
because the stove is at a higher temperature than your hand. When you 
touch a piece of ice, energy passes out of your hand and into the ice 
because the ice is at a lower temperature than your hand. From a human 


Figure 1.24 

Bodies of water at the same tempera- 
ture have the same average molecular 
kinetic energies. The volume of the 
water has nothing to do with its 
temperature. 
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ofẤCootn7) perspective, IÝ you are receiving heat you experience warmth; 
h ïf you are giving away heat, you experience cooling. The next 


tỉme you touch the hot forehead of a sick, feverish friend, ask 
her or him whether your hand feels hot or cold. hereas tem- 
perature is absolute, hot and cold are relative. 

In general, the greater the temperature difference between 
two bodies in contact with cach other, the greater the rate of 
heat flow. This is why a hot clothes iron can cause much more 
damage to your skin than a warm clothes iron. 

Because heat is a form of energy, its unit ¡s the Joule. 


Concept Check v 


When you enter a swimming pool, the water may feel quite cold. After a 
while, though, your body “gets used to it,"and the water no longer feels so 
cold. Use the concept of heat to explain what is going on. 


Was this Yy0uf anSW€f? Heat flows because of a temperature difference. When you enter the 
water, your skin temperature is much higher than the water temperature. The result is a significant flow 
of heat from your body to the water, which you experience as cold. Once you have been in the water 
awhile, your skin temperature is much closer to the water temperature (due to the cooling effects of the 
water and your body ability to conserve heat), and so the flow of heat from your body is less.With less 
heat flowing from your body, the water no longer feels so cold. 


1.7 The Phase of a Material Depends 
on the Motion of Its Particles 


One of the most apparent ways we can describe matter 1s by its physical 
form, which may be in one of three phases (also sometimes described as 
physical states): sø/2, 422, or øas. A solid material, such as a rock, occu- 
pies a constant amount of space and does not readily deform upon the 
application oÊ pressure. In other words, a solid has both delnite volume 
and defnite shape. A liquid also occuples a constant amount of space (ít 
has a deñnite volume), but ¡its form changes readily (ít has an indefinite 
shape). A liter of milk, for example, may take the shape of its carton or the 
shape ofa puddle, but its volume is the same in both cases. Â gas is difuse, 
having neither defnite volume nor defnite shape. Any sample oÊ gas 
assumes both the shape and the volume of the container ¡it occupies. À 
given amount of air, for example, may assume the volume and shape of a 
toy balloon or the volume and shape ofa bicycle tire. Released from its con- 
tainer, a gas diffuses into the atmosphere, which ¡is a collection of various 
gases held to our planet only by the force of gravity. 

On the submicroscopic level, the solid, liquid, and gaseous phases are 
distinguished by how well the submicroscopic particles hold together. This 
1s ilÏustrated in FEigure 1.25. In solid matter, the attracttons between parti- 
cles are strong enoupgh to hold all the particles together in some fñxed three- 
dimensional arrangement. The particles are able to vibrate about ñxed 
positions, but they cannot move past one another. Adding heat causes 
these vibrations to increase untiÌ, at a certain temperature, the vibrations 
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are rapid enough to disrupt the fixed arrangement. The particles can then 
slip past one another and tumble around much like a bunch of marbles in 
a bag, Thịs ¡s the liquid phase of matter, and ít is the mobility of the sub- 
mmicroscopic particles that gives rise to the liquids Ruid character—its abil- 
Ity to Äow and take on the shape of its container. 


Figure 1.25 

The familiar bulk properties of a solid, 
liquid, and gas. (a) The submicroscopic 
particles of the solid phase vibrate 
about fixed positions. (b) The submicro- 
scopic particles of the liquid phase slip 
past one another. (c) The fast-moving 
submicroscopic particles of the 
gaseous phase are separated by large 
average distances. 


Further heating causes the submicroscopic particles in the liquid to 
move so fast that the attractions they have for one another are unable to 
hold them together. They then separate from one another, forming a gas. 
Moving at an average speed of 500 meters per second (I100 miles per 
hour), the particles of a gas are widely separated from one another. Matter 
in the gaseous phase therefore occupies mụch more volume than ít does in 
the solid or liquid phase, as Figure 1.26 shows. Applying pressure to a gas 
squeezes the gas particles closer together, which makes for a smaller volume. 


(a) (b) (c) 
Figure 1.26 

The gaseous phase of any material occupies significantly more volume than either its solid or 
liquid phase. (a) Solid carbon dioxide (dry ice) is broken up into powder form. (b) The powder 
is funneled into a balloon. (c) The balloon expands as the contained carbon dioxide becomes a 
gas as the powder warms up. 
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Figure 1.27 

In traveling from point A to point B, 
the typical gas particle travels a cir- 
cuitous path because of numerous 
collisions with other gas particles— 
about eight billion collisions every 
secondl! The changes in direction 
shown here represent only a few of 
these collisions. Although the particle 
travels at very high speeds, it takes a 
relatively long time to cross between 
two distant points because of these 
numerous collisions. 


Enough air for an underwater diver to breathe for many minutes, for exam- 
ple, can be squeezed (compressed) into a tank small enough to be carried 
on the divers back. 

Although gas particles move at high speeds, the speed at which they can 
travel from one side ofa room to the other ¡s relatively slow. Thịs 1s because 
the gas particles are continually hitting one another, and the path they end 
up taking is circuitous. At home, you get a sense of how long it takes for 
gas particles to migrate cach time someone opens the oven door after bak- 
Ing, as Figure ].27 shows. Á shot of aromatic øas particles escapes the oven, 
but there ¡s a notable delay before the aroma reaches the nose of someone 
sirring in the next room. 


Concept Check v 


Why are gases so much easier to compress into smaller volumes than are 
solids and liquids? 


Was this Y0UFT anSWEF? Because there is a lot of space between gas particles. The particles of a 
solid or liquid, on the other hand, are already close to one another, meaning there is little room left for a 
further decrease in volume. 


Familiar Terms Are Used to Describe Changing Phases 


Figure 1.28 illustrates that you must either add heat to a substance or 
remove heat from it ¡you want to change ¡ts phase. The process of a solid 
transforming to a liquid ¡s called melting. To visualize what happens when 
heat begins to melt a solid, imagine you are holding hands with a group of 
people and each of you start jumping around randomly. The more violentÌy 
you jump, the more difficult it is to hold onto one another. If everyone 
jumps violently enough, keeping hold ¡s impossible. Something like thịs 
happens to the submicroscopic particles ofa solid when ít is heated. As heat 
¡s added to the solid, the particles vibrate more and more violently. lí 
enough heat ¡s added, the attractive forces between the particles are no 
longer able to hold them together. The solid melts. 


Heat added x 
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£ Heat removed 


Figure 1.28 
Melting and evaporation involve the addition of heat; condensation and freezing involve the 
removal of heat. 


1.7 The Phase of a Material Depends on the Motion of lts Particles 


A liquid can be changed to a solid by the removal of heat. This process 
1s called freezing, and it is the reverse of melting. As heat is withdrawn from 
the liquid, particle motion diminishes until the particles, on average, are 
moving sÌlowly enough for attractive forces berween them to take perma- 
nent hold. The only motion the particles are capable of then ¡s vibration 
about ñxed positions, which means the liquid has solidifed, or frozen. 

A liquid can be heated so that ít becomes a gas—a process called evap- 
oration. As heat ¡s added, the particles of the liquid acquire more kinetic 
energy and move faster. Particles at the liquid surface eventually gain 
enough energy to jump out of the liquid and enter the air. In other word, 
they enter the gaseous phase. As more and more particles absorb the heat 
being added, they too acquire enough energy to escape from the liquid sur- 
face and become gas particles. Because a gas results from evaporation, this 
phase is also sometimes referred to as ø22øz. ÑWater ¡n the gaseous phase, for 
example, may be referred to as water vapor. 

The rate at which a liquid evaporates increases with temperature. Â pud- 
dle of water, for example, evaporates from a hot pavement more quickly than 
It does from your cool kitchen foor. When the temperature is hot enouph, 
evaporation occurs beneath the surface of the liquid. As a result, bubbles 
form and are buoyed up to the surface. Ñe say that the liquid ¡s boiling. A 
substance is often characterized by Its ôø7/ø øøzz, which 1s the temperature 
at which it boils. At sea level, the boiling point of fresh water is 100°C. 

The transformation from gas to liquid—the reverse of evaporation— 
¡s called condensation. This process can occur when the temperature of a 
gas decreases. LThe water vapor held in the warm daylipht air, for example, 
may condense to form a wet dew in the cool of the nipht. 


Hands-On Chemistry: Hot-Water Balloon 


See for yourself that a material in its gaseous phase occupies mụch more space 
than it does in its liquid phase. 


What You Need 


2 teaspoons of water, 9-inch rubber. balloon, microwave oven, oven mitt, safety 
glasses 


Procedure 


Œ) Pour the water into the balloon. Squeeze out as much air as you can 
and knot the balloon. 


(2) Put the balloon in the microwave oven and cook at full power for how- 
ever many seconds it takes for boiling to begin, which is indicated by a 
rapid growth in the size of the balloon. lt may take only about 10 sec- 
onds for the balloon to reach full size once it starts expanding. (The bal- 
loon will pop if you add too much water or if you cook it for too long.) 


() Remove the heated balloon with the oven mitt, shake the balloon 
around, and listen for the return of the liquid phase. You should be 
able to hear it raining inside the balloon. 


What happens if you submerge the inflated balloon in a pot of ice-cold water? 


Conceptual 
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18 Density ls the Ratio of Mass to Volume 


The relationship between an objects mass and the amount of space it ocCu- 
pies is the objects density. Density is a measure of compactness, o£ how 
tightÌy mass is squeezed into a given volume. Â block of lead has much 
more mass squeezed into its volume than does a same-sized block of alu- 
minum. The lead ¡s therefore more dense. Ñe think of density as the “lipht- 
ness” or “heaviness” of objects of the same size, as Figure 1.29 shows. 


Same-sized block 
of aluminum 


Block of 
lead 


Figure 1.29 
The amount of mass in a block of lead far exceeds the amount of mass in a block of aluminum 
of the same size. Hence, the lead weighs much more and is more difficult to lift. 


Density ¡s the amount of mass contained ¡n a sample divided by the 
volume of the sample: 


mass 
density = 


volume 


An object having a mass of 1 gram and a volume of 1 milliliter, for exam- 


ple, has a density of 


: l 
density = "n = Ản which reads “one gram per milliliter” 
m 


mL 


An object having a mass of 2 grams and a volume of 1 milliliter ¡s denser; 
1ts density Is 


h 2 ` « 
density = nà = 2n, which reads “two grams per milliliter” 


Other units of mass and volume besides gram and milliliters may be used 
in calculating density. The densities of gases, for example, because they are 
so low, are often given In grams per liter. In all cases, however, the units are 
a unit of mass divided by a unit of volume. 


1.8 Density ls the Ratio of Mass to Volume 


Concept Check v 


Which occupies a greater volume: 1 kilogram of lead or 1 kilogram of 
aluminum? 


Was thís YOUFT añSW€F? The aluminum.Think of ¡t this way. Because lead is so dense,you need only 
a little bịt in order to have 1 kilogram. Aluminum, by contrast, is far less dense, and so 1 kilogram of alu- 
minum occupies much more volume than the same mass of lead. 


Calculation Corner: Manipulating an Algebraic Equation 


Wi†h œ lifile alqebroic monipulafion, ¡† is easy †o change the equotion for densi†y 

around so tha† i† solves eifher for moss or for volume. The firs† sfep ¡s †o mulfiply 
bofh sides of the densify equation by volume. Then conceling the volumes †ha† appeor 
In The numero†or and denomino†or resul†s in †he equofion for †he moss of an objec†: 


mass X volurñe 
volarie 


density X volume = mass 


density X volume = 


Example 

A pre-1982 penny has a density of 8.92 grams per 
milliliter and a volume of 0.392 milliliters. hat 
1S IfS maSs? 


Ânswer 


DxV=M= 8.92-Š- x 0.392 mE:= 3.50 g 
7 n8 IW 


To solve for the volume of an object, divide 
both sides of the equation for the mass by the 
density. Canceling the densitles results in the 
equation for volume: 


_densify Xvolume  mass 


_demsify _ density 
mass 
volume = 
density 
Example 


A post-1982 penny has a density oÊ 7.40 grams 
per milliliter and a mass of 2.90 grams. What ¡s 
its volume 


ÂAnswer 
““... “ k6 ÍÍ 
2 ;aozEˆ 


mL, 


Ín summary, the three equatlons expressing the 
relationship among density, mass, and volume are 


Density Mass Volume 
D= Si M=I)xXV ƒ= kói 
V D 


A good way to remember these relationships 
is to use the digram shown below. se your fñnger 
to cover the quantity you want to know, and that 
quantitys relationship to the other quantities 1s 
revealed. For example, covering the Ä⁄ shows that 
mass is equal to density times volume, 2 XE, 


đà 
/bx 


Your Turn 

1. What is the average density of a loaf of bread 
that has a mass of 500 grams and a volume o£ 
1000 milliliters? 


2. The loaf of bread ¡n the previous problem loses 
all is moisture after being left out for several 
days. Its volume remains at 1000 milliliters, 
but its density has been reduced to 0.4 grams 
per milÌiliter. What is Its new mass? 


3. A sack of groceries accidently set on a 500- 
gram loaf of bread Increases the average density 
of the loaf to 5 grams per milliliter. hat is Its 
new volume? 
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Figure 1.30 

The hot air inside this hot-air balloon is 
less dense than the surrounding colder 
air, which is why the balloon rises. 


Table 1.3 


= “ _Õ_—= —————————————————— 


Densities of Some Solids, Liquids, and Gases 


Substance Density (g/mL) Density (g/L) 
Solids 
osmium 2219 22,500 
gold 19.3 . 19,300 
lead 1l) 11,300 
CODper 8.92 8,920 
iron 7.86 7,860 
zinc 7.14 7,140 
aluminum 2.70 2,700 
ice 0.92 : ` °71, 
Liquids 
mercury 13.6 13,600 
sea water 1.03 1,030 
water at 4°C 1.00 1,000 
ethyl alcohol 0.81 810 
Gases* 
đry air 
0°C 0.00129 1.29 
20°C 0.00121 121 
helium at 0°C 0.000178 0.178 
oxygen at 0°C 0.00143 1.43 


*AIl values at sea-level atmospheric pressure. 


The densities of some substances are given ¡n Iable 1.3. Which would 
be more difficult to pick up: a liter of water or a liter of mercury? 

Gas densities are muụch more affected by pressure and temperature 
than are the densities of solids and liquids. With an increase In pressure, 
gas molecules are squeezed closer together. This makes for less volume and 
therefore greater density. The density of the air inside a divers breathing 
tank, for example, is much greater than the density of air at normal atmos- 
pheric pressure. Wich an increase In temperature, gas molecules are mov- 
¡ng faster and thus have a tendency to push outward, thereby occupying a 
greater volume. Thus, hot air 1s Ìess dense than cold air, which is why hot 
air rises and the balloon in Eigure 1.30 can take its passengers for a breath- 


taking ride. 


Concept Check v 


1. Which has a greater density: 1 gram of water or 10 grams of water? 
2. Which has a greater density: 1 gram of lead or 10 grams of aluminum? 


Was this your answer? 

1. The density is the same for any amount of water. Whereas 1 gram of water occupies a volume 
of 1 milliliter, 10 grams occupies a volume of 10 milliliters. The ratio 1 gram/1 milliliter is the same 
as the ratio 10 grams/10 milliliters. 

2. The lead. Density is mass per volume, and this ratio is greater for any amount of lead than for any 
amount of aluminum. 
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In Perspective 


In this chapter you were introduced to how chemistry is the study of mat- 
ter and how the scope of chemistry is very broad—including anything you 
can touch, taste, smell, see, or hear. Chemistry is a major branch of science, 
which this chapter defned as an organized body of knowledge resulting 
from our observations, common sense, rational thinking, and insights into 
nature. After centuries of development, science has become a powerful tool 
for helping us to perceive our environment with greater clarity. 

To heÌp you ín your study of chemistry, iEš important that you be famil- 
tar with some basic physical quantities. These include mass, volume, energy, 
temperature, and density. Ä⁄2s is a measure of how mụuch, whereas 22” 1s 
a measure of how spacious. #zey 1s an abstract concept but best understood 
as that which ¡s required to move matter. The hipher the Z2 of a 
material, the preater the average kinetic energy of its submicroscopic particÌes. 

The phase of a material is a function oÊ its temperature. In the solid 
phase, the atoms or molecules only vibrate about ñxed positions. In the liq- 
uid phase, these submicroscopic particles are able to tumble over one 
another. In the gaseous phase, the atoms or molecules have enough kinetic 
energy to be separated from one another by relatively large distances. 
Finally, this chapter introduced zs2, which is the ratio of a material 
mass to its volume. Materials are often characterized by their densities. 


A Word About Chapter Endmatter from the Author 


Each chapter in this book concludes with a list of Key Terms and Match- 
ing Defnitions, Review Questions, Hands-On Chemistry lInsiphts, Exer- 
cises, and in some chapters, a few mathematical Problems. 

Key Terms are listed alphabetically and followed by Matching Defini- 
tỉons listed in order ofappearance in the chapter. For a guided review of the 
Key Terms, fñnd the term that matches each definition. To get the most out 
of this format, match as many defnitions as you can before checking back 
in the chapter. The more familiar you are with these terms, the easier ¡t wilÌ 
be for you to apply the concepts. 

The Review Questions help you fx ideas more firmly in your mind 
and catch the essentials of the chapter material. Like the Key Tlerms and 
Matching Definitions, they are not meanr to be difficult. You can ñnd the 
answers to the Review Questions in the chapter. If you study only the Key 
Terms and Review Questions and nothing cÌse, you are minimizing your 
chance for success in this cÌass. 

The Hands-On Chemistry Insights are follow-up discussions designed 
to make sure you are getting the most out of performing thesc activities and 
also to clear up any misconceptions that may develop. Ideally, you should read 
these follow-ups after performing the activities. 

In contrast to the Review Questions, the Exercises are designed to chal- 
lenge your understanding o£ the chapter material. They emphasize thinking 
rather than mere recall and should be attempted only after you are well 
acquainted with the chapter through the Matching DeRnitions and Review 
Questions. Ín many cases, the intention of a particular Exercise 1s to help 
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you to apply the ideas of chemistry to familiar situations. Your answers 
should be in complete sentences, with an explanation or sketch when appli- 
cable. Exercises are a favorite among instructors for exam material. IÍ you 
do well with the Exercises, you can expect to do well on your exams. To 
help keep you on track, the answers to all odd-numbered exercises and 
problems are provided in Appendix C. 

Problems feature concepts that are more clearly understood with 
numerical values and straightforward caÌculations. Most are based on InfOr- 
mation given in the chapters (22//z/7øz Cørøers. Be sure to include unIts 
¡n your answers. The Problems are relatively few in number to avoid an 
emphasis on problem solving that could obscure the primary goal of Cøz- 
ceptual Cjewistry—a focus on the concepts of chemistry and how they 
relate to everyday Ìiving. 


Won† †o succed in your chemis†ry course? For every hour you spend in class, you 
should spend qbou† †hree hours ou†side of closs s†udying. This ¡s an Inves†men† In 
yourself †ha† will poy off in more woys fhon jus† a qood qrode, so donT† delay. Find a 
comfor†oble place †o s†udy and go †o i†I Be††er ye†, s†tudy wi†h a pariner and procTice 
or†iculafingq wha† youve learned. You know you hovenT reolly learned someThing un†i 
ÿOU Con express i† using your own vOIce. 


Key Terms and Matching Definitions 


absolute zero 


applied research 


basic research 
boiling 
chemistry 
condensation 
control test 
density 
©nerpy 
€vyaporation 
freczing 


Ø4S 


heat 

kinetic energy 
liquid 

mass 

matter 

melting 
potential energy 
! sclence 
sclentiic hypothesis 
solid 
submicroscopIc 
temperature 
theory 
thermometer 
volume 

weight 


1. An organized body of knowledge resulting from 
our observations, common sense, rational think- 
¡ng, and insights into nature. 

. The realm of atoms and molecules, where 
objects are smaller than can be detected by 
opticaÌ microscopes. 

. The study of matter and the transformations It 
can undergo. 

. Anything that occupIes space. 

. Research dedicated to the discovery of the fun- 
damental workings of nature. 

. Research dedicated to the development of useful 
products and processes. 

.Á testable assumption often used to explain an 
observed phenomenon. 

. Á test performed by scientists to Increase the 
conclusiveness of an experimental test. 

. Á comprehensive idea that can be used to 
explain a broad range of phenomena. 
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10. The quantitative measure of how much matter 
an obJect contaIns. 

11. The gravitational force of attraction between 
two bodIies (where one body ¡s usually the 
Earth). 

12. The quantity of space an object occupIes. 

13. The capacity to do work. 

lá. Stored energy. 

15. Energy due to motion. 

16. How warm or cold an obJect 1s relative to some 
standard. Also, a measure of the average kinetic 
energy per molecule of a substance, measured 
in degrees Celsius, deprees Fahrenheit, or 
kelvins. 

17. An instrument used to measure temperaturce. 

18. The lowest possible temperature any substance 
can have; the temperature at which the atoms 
of a substance have no kinetic energy: 0 K = 
5273.126 7E 

19. The energy that Ñows from one obJect to 
another because of a temperature difference 
between the two. 

20. Matter that has a denite volume and a defnite 
shape. 

21. Matter that has a deRnite volume but no def- 
nite shape, assuming the shape oÊ its container. 

22. Matter that has neither a deRnite volume nor a 
definite shape, always filling any space available 
tO It. 

23. A transformation from a solid to a liquid. 

24. A transformation from a liquid to a solid. 

25. A transformation from a liquid to a gas. 

26. Evaporation in which bubbles form beneath the 
liquid surface. 

27. A transformation from a gas to a liquid. 

28. The ratlo of an obJects mass to its volume. 


Review Quesftions 
Chemistry ls a Central Science Useful to Our Lives 


(1. j/Are atoms made of molecules, or are molecules 


-_ made of atoms? 


2. Nhat ¡s the difference between basic research 
and applied research? 


3. Why is chemistry often called the central sclence: 


4. What do members of the Chemical Manufac- 
turers Association pledge in the Responsible 
Care program? 
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Scence Is a Way of Understanding the Universe 


5. Why were McClintock and Baker exploring the 
oceans off Antarctica? 


6. Nhat evidence supported McClintock and 
Bakers hypothesis that amphipods abducted sca 
butterflies for chemical defense against predators? 


si ) : ) 
7 What is the purpose oŸa control test 


8. Why is reproducibility such a vital component 


Of science? 


9, Does a theory become stronger or weaker the 
more it is modifed to account for experimental 
evidence? 


10. What kinds of questions is science unable to 
answer? 


Scientists Measure Physical Quantities 


đi WWhy are the units oFa measurement just 4s 
important as the number? 


12. What are the two major systems of measure- 
ment used in the world today? 


13. Why are prelxes used in the metric system? 
14. Which ¡s greater: a micrometer or a decLmeter? 
15. A kilogram ¡s equal to how many grams? 


16. A milligram ¡s equal to how many grams 


Mass ls How Much and Volume ls How Spacious 
17. What is inertia, and how is it related to mass? 


18. Which ¡s the more complicated concept: mass 
or weipht? 


19) WWhich can change from one location to 
another: mass or weipht? 


20. What is volume? 


z } * * ° 
(21 WWhat ¡s the difference between an objects mass 
and its volume? 


Eneregy ls the Mover of Matter 
22. Why ¡s energy hard to define? 
23. What do we call the energy an object has 


because of Its position? 


2 Nhat do we call the energy an obJect has 


because of its motion? 


25. Which represents more energy: a joule or a 
calorie? 


26. WWhich represents more energy: a calorie or 4 
Calorie? 


Temperature Is a Measure of How Hot-Heat lt ls Not 


27. In which is the average speed of the molecules 
less: in cold coffee or in hot coffee? 


(68,)What happens to the volume of most materials 


when they are heated? 


29. Which temperature scale has Its zero pOInt 4s 
the point oŸzero atomic and molecular motlon? 


30. Which has more total energy: a cup of boiling 
water at 100°C or a swimming pool of boiling 
water at 100°C? 


31. Is it natural for heat to travel from a cold object 
to a hotter object? 


622 What determines the direction of heat ow? 


The Phase of a Material Depends 
on the Motion of lts Particles 


33. How are the particles in a solid arranged differ- 
ently from those ¡in a liquid? 


} 

G4./How does the arrangement of particles in a gas 
difer from the arrangements ¡n liquids and 
solids? 


35. Which occupies the greatest volume: l pram of 
ice, 1 pram of liquid water, or l pram of water 
vapor? 


36. Gas particles travel at speeds of up to 200 meters 
per second. Why, then, does it take so long for 
gas molecules to travel the length of a room‡ 


37. As liquid water evaporates, what is happening to 
the molecules? 


Qg WWhich requires the extraction of energy: melt- 
Ing or Íreezing? 

39. Which requires the input of energy: evaporation 
or condensation? 


40. What ¡s ¡t called when evaporation takes pÏace 
beneath the surface of a liquid? 


Densifty ls the Ratio of Mass to Volume 


41. Is a more massive object necessarily more dense 
than a less massive object? 


42. Is a denser object necessarily more massive than 
a less dense object? 


ú5, ¡ The units of density are a ratio of what two 


quantities? 
ý Ñ 
É - What happens to the density of a gas as it is 


compressed into a smaller volume? 


Hands-On Chemistry Insights 
Penny Fingers 


You have to be moving the pennies up and down 
in order to optimize your threshold of detection. 
WWhat you are sensing here is the đ7Zzzce in iner- 
tia. Recall that Inertia ¡s an objectS resistance to 
any change In its motion. lf you minimize the 
motion, you minimize your ability to detect any 
difference in inertia the two coins may have. Switch 
pennies between your left and right index fingers 
(with your eyes closed) to confirm your ability to 
đetect a difference. 

¡th or without the motion, the pennIes exert a 
downward pressure that your nerve endings sense. Ïo 
feel this pressure, repeat the expertment with the pre- 
1982s on one index ñnger and the post-1982s on the 
other index ñnger, but this time keep your hands still. 
How many do you need to stack before you can sense 
a difference in pressure? lf you did this pressure 
experiment on the moon, would you need to stack 
more or fewer? Why? 


Decisive Dimensions 


Dont feel bad 1Ý your predictlon was wrong——yOou are 
¡in good company. But now you understand that the 
volume of water displaced by an object is equal to the 
objects volume, not its mass or its weight, 


Hot-Water Balloon 


A marble hitting your hand pushes against your hand. 
In a similar fashion, a gaseous water molecule hitting 
the inside of the balloon pushes against the balloon. 
The force of a single water molecule is not that great, 
but the combined forces of the billions and billions of 
them in this activity is sufficlent to inflate the balloon 
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as the liquid water evaporates to the gaseous phase. 
Thus, you saw how the gaseous phase occupies much 
more volume than the liquid phase. If you observed 
the balloon carefully, you noticed it continues to 
inBate (although not so rapidly) after all the water has 
been converted to water vapor. This occurs because the 
microwaves continue to heat the gaseous water mole- 
cules, making them move fÍaster and faster, pushing 
harder and harder against the balloonS inner surface. 

After you take the balloon out o£ the microwave, 
the balloon ¡s in contact with air molecules, which, 
being cooler, move more slowly than the water mol- 
ecules. Gaseous water molecules colliding with the 
Iinner surface of the balloon pass their kinetic energy 
to the slower air molecules, and the air molecules get 
warmer because their kinetic energy ¡ncreases. (Thịs 
1s similar to how the kinetic energy of a hammer 
pounding a nail into a Ñimsy wall can be transferred 
to a picture frame hanging on the opposite side of the 
wall.) You can feel this warming by holding your 
hand close to the balloon. 

As the gaseous water molecules lose kinetic energy, 
they begin to condense Into the liquid phase, a noisy 
process ampliRed by the balloon (listen carefully). 

From a molecular point of view, why does the 
balloon shrink more quickly in ice water? How 1s 
this activity similar to the demonstration depicted in 
Figure 1.26? 


ExerCiIseS 


1. Why ¡s ít important to work through the Review 
Questions before attempting the Exercises? 


2. In what sense 1s a color computer monitor or 
television screen simiÌar to our view of matter? 
Place a drop (and only a drop) of water on your 
computer monitor or television screen Íor a 
closer look. 


3. Of the three sclences physics, chemistry, and 
biology, which 1s the most complex? 


4. Is chemistry the study of the submicroscopIc, 
the microscopic, the macroscopic, or all threc? 
Defend your answer. 


5. Some politicians take pride in maintaining a 
particular point of view. They think a change 
of mind would be seen as a sign of weakness. 
Hovw ¡s a change of mind viewed differently in 
sclence? 
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. Why is the process of science not restricted to 


any one particular method? 


. Distinguish between a scientifc hypothesis and 


a theOry. 


. How might the demand for reproducibility in 


science have the long-run efect of compelling 


honesty? 


- McClintock and Baker worked together on 


scientifc research projects involving marine 
organisms of the Antarctic seas, yet they have 
different scientifc backgrounds—McClintock 
¡n biology and Baker in chemistry. ls th¡s 
unusual? Explain. 


NVhich of the following are sclentiic hypotheses? 

a. Stars are made of the lost teeth of children. 

b. Albert Einstein was the preatest sClentIst €V€r 
to have lived. 

c. The planet Mars is reddish because ¡t Is 

coated with cotton candy. 

d. Aliens from outer space have transplanted 
themselves into the minds of government 
workers. 

. Tides are caused by the moon. 

You were Abraham Lincoln in a past life. 

._Á human remains self-aware while 
sleeping. 


-A human remains selÊaware after death. 


ST œ3 m@ 


In answer to the queston “When a plant grows, 
where does the material come from?” the 
ancient Greek philosopher Aristotle (384-322 
B.C.) hypothesized that all material came from 
the soil. Do you consider his hypothesis to be 
correct, incorrect, or partially correct? What 
experimenral tests do you propose to SupPOFt 
your choice 


The great philosopher and mathematician 
Bertrand Russell (1872—1970) wrote, “I think 
we must retain the belief that scIentiic knowl- 
edge ¡s one of the glories of man. I wiÌÏ not 
maintain that knowledge can never do harm. 

I think such general propositions can aÌmost 
always be refuted by well-chosen examples. What 
I will maintain—=and maintain vigorousÌy——Is 
that knowledge ¡s very much more often useful 
than harmful and that fcar of knowledge 1s very 
much more often harmful than useful.” 'Think 


of examples to support this statement. 
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Name two physical quantities discussed in this 
chapter that change when a junked car Is neatÌy 
crushed into a compact cube. 


Which would you rather have: a decigram of 
gold or a kilogram of gold? 


Can an object have mass without having weight? 
Can it have weight without having mass) 


Why do we use different units for mass and 
weipht? 


Gravity on the moon is only one-sixth as strong 
as gravity on the Earth. What is the mass of a 
6-kilogram object on the moon, and what is its 
mass on the Earth? 


Does a 2-kilogram solid iron brick have twice 
as mụch mass as a I-kilogram solid iron brick? 
Twice as much weight? Twice as mụch volume? 


Does a 2-kilogram solid iron brick have twice 
as mụch mass as a 1-kilogram solid block of 
wood? Twice as much volume? Explain. 


Which ¡s more evident: potential or kinetic 
enerpy? Explain. 


Will your body possess energy after you die? 
If so, what kind 


Nhat 1s temperature a measure of? 


An old remedy for separating two nested drink- 
¡ng glasses stuck together Is to run wat€r at one 
temperature into the inner g]ass and then run 
water at a different temperature over the surface 
of the outer glass. Which water should be hot 
and which cold? 


A Concorde supersonic airplane heats up con- 
siderably when traveling throuph the alr at 
speeds greater than the speed of sound. As a 
result, the Concorde in flipht is about 20 cen- 
timeters longer than when it is on the ground. 
Offer an explanation for this lenpth change 
from a submicroscopIc perspectIve. 


Which has more total energy: a cup of boiling 
water at 100°C or a swimming pool o£ slightÌy 
cooler water at 90°C 


Ifyou drop a hot rock into a pail of water, the 
temperature of the rock and that of the water 
both change until the two are equal. The rock 
cools, and the water warms. [)oes this hold true If 
the hot rock is dropped into the Atlantic Ocean? 


2. 
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Which has stronger attractions among its sub- 
mIcroscopic particles: a solid at 25°C or a gas at 


77.6: E | lain, 


The leftmost diagram below shows the moving 
particles of a gaseous material within a rigid 
container. Ñhich of the three boxes on the 
ripht (a, b, or c) best represents this material 
upon the addition of heat. 


>2 
h ` vĂ °) 

~ — È lo œ9 
(a) (b) (c) 


The leftmost diagram below shows two phases 
of a single substance. In the middle box, draw 
what these particles would look like ¡f heat 
were taken away. In the box on the right, show 
what they would look like ¡f heat were added. 
[f cach particle represents a water molecule, 
what 1s the temperature ¡n the box on the left? 


Humidity ¡s a measure of the amount of water 
vapor in the atmosphere. Why ¡is humidity 
always very low ¡inside your kitchen freezer? 


Nhat happens to the density of a gas as the gas 
is compressed into a smaller volume? 


A post-1982 penny ¡is made with zinc, but its 
density is greater than that of zinc. Why? 


The following three boxes represent the number 
of submicroscopic particles in a given volume 
of a particular substance at different tempera- 


tures. W/hích box represents the highest density? 


WWhich box represents the highest temperature? 
Why would this be a most unusual substance If 
box a represented the liquid phase and box b 
represented the solid phase? 
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Problems 


1. What ¡s the mass in kilograms ofa 130-pound 
human standing on the Earth 


2. What ¡s the mass in kilograms ofa 130-pound 
human standing on the moon? 


3. How many Joules are there in a candy bar con- 
taining 230,000 calories? 


4. How many milliliters oÊ dirt are there in a hole 
that has a volume o£5 liters? How many mIÏHi- 
liters of air? 


5. Someone wants to selÌ you a piece o£ gold and 
says It Is nearly pure. Before buying the piece, 
you measure Its mass to be 52.3 grams and ñnd 
that 1t displaces 4.16 milliliters of water. Calcu- 
late Irs density and consult Table 1.3 to assess 


1{S DUTItY. 
6. What volume of water will a 52.3-pram sample 
of pure gold displace? 


Answers to Calculation Corners 
Unit Conversion 


0.2... 
C21 6P 


b. 518lb 
e. 0.1 kcal 


G70 
f£ 400 ] 


Perhaps you are wondering about how many digits to 
include In your answers. Were you perplexed, for 
example, that the answer to f ¡s 400 J and not 418.4 
J? There are speciic procedures to follow ¡in ñguring 
which digits from your calculator to write down. The 
digits you are supposed to write down are called s7ơ- 
7zJicanf ƒjewres. Because there are few calculations in 
the chapter portlons of. Cøceø##4/ Cewwstry, how- 
ever, a full discussion of signifcant ñgures ¡s leÍt to 
Appendix B. It ¡s there for those of you looking for a 
litle more quantitative depth, which is certainly 
often needed when perÍforming experiments ¡in the 
laboratory. 


Manipulating an Algebraic Equation 
1. 0.5 prams per milliliter 


2. 400 grams 
3. 100 milliliters 
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Exploring Further 


Ronald Breslow, Cðew¿z#zy Today and Tòmorro: 

Tbe Central, Leful, and Creatiue Science. Sudbury, 

MA: Jones and Bartlett, 1997. 
NWritten by a past president of the American 
Chemical Society, this paperback analyzes the 
role chemistry has played in the development of 
our modern society and how chemistry 1s sure 
to play an increasing role in our Íutufe. 


Roald Hofmann, 7£ S7 4%4 Not the Sam. 

New York: Columbia University Press, 1295. 
WWritten by a noted Nobel Prize winner, 
researcher, and teacher, this book seeks to 
explain the workings of chemistry to the general 
public, with an emphasis on the beauty of 
molecular design. 


John Allen Paulos, 7zezzcy: MÍatbematical 
HJteracy and Ïts CofseqUeØ65. New York: Vintage 
Books, 1990. 
A delightful account of the statistical misunder- 
standings of the common citizen. What ////7- 
Z€ÿ 1S tO reading, 77rZc) 1s tO mathematIcs. 


Royston Roberts, Sz£zp/#: Accidertal Disc00£r1đ5 

7m Sc/ence. New York: John Ñiley & Sons, 1282. 
Eascinating stories illustrating how many 
scientifc advances are made by chance discov- 
ery when an investigator is keen enough to rec- 
ognize the signifcance of the discovery. 


Carl Sagan, 7£ Demon-Hiawztead World: Science 4s 
a Candle in the DarÈ. New York: Random House, 
1905: 
An eloquent account of the present status OF 
societys attitudes toward science and the dan- 
gers we face when reason gives way to the 
myths of pseudoscience, New Age thinking, 


and fundamenralism. 


http://WWwW.awWis.Org 
Home page for the Association for omen 
¡n Science, an organization dedicated to achiev- 
¡ng equity and full participation for women 
in science, mathematics, engineering, and 
technology. 


http://www.chemcenter.org 
Maintained by the American Chemical Society, 
this site is an excellent starting point for search- 
¡ng out such chemistry-related information as 
current events or the status of a particular 
avenue of research. 


http://WwWww.csicop.org 
Home page for the Committee for the Sclen- 
tiấc Investigation o£ Claims of the Paranormal. 
This organization o£ Nobel laureates and other 
respected scientists takes on the cÏaims Of pseu- 
doscience with all the rigor required of any 
scientifc claim. 


http://www.newscientist.com 
Web site for the British weekly science and 
technology newsmagazine. Current events and 
many “hot issues” in science are presented. 


http://www.rsc.org/lap/rsccom/wcc/wccindex.htm 
Home page for the Women Chemists Commit- 
tee of The Royal Society of Chemistry (UK). 
This organization promotes the entry and re- 
entry o£ women into the profession of chem- 
istry and collects and disseminates information 
about women ¡in chemistry. 


http://www.sciencenews.org/sn_arch 
Archives of (Sc/zeeNeus, a widely read weekly 
magazine covering current developments In 
SClence. 


Hi 
©(Gốt thnietry 
œ place 


Chemistry ls a Science 
Visit The Chemistry Place at: 
WWww.aw.com/chemplace 


Understanding Chemistry Through lts Language 


As you progress through this chemistry course, you will note an accumulating 
list of terms. Chapter 1 introduced 28 key terms, and in this chapter youll find 
another 32! Why all these new terms? In the laboratory, chemists perform 
experiments, make many observations, and then draw conclusions. Ôver time, 
the result is a growing body of new knowledge that inevitably exceeds the 
capacity of everyday language. For example, in the language of chemistry we 
say that there are more than 100 kinds of afoms and that any material con- 
sisting of a single kind of atom is an element. (Some examples of elements are 
shown in this chapters opening photographs.) Atoms can link together to 
form a molecule, and a molecule consisting of atoms from different elements 
is a compoundđ. And on and on, one term building on another as we attempt 
to describe the nature of matter beyond its casual appearance. 

Rather than memorizing all the chemistry-related terms in this text, how- 
ever, you will serve yourself far better by focusing on the underlying concept 
each term represents. Based on what you learned in Chapter 1, for example, 
why is it that hot coffee can burn your tongue? One answer might be that hot 
coffee contains a large amount of molecular kinetic energy. While true, this 
answer assumes an understanding of the term kinetic energy (Section 1.5). A 
term is only a label, however. lf is possible to know the term without under- 
standing the chemistry—just as it is possible to understand the chemistry 
without knowing the term. lf you truly understand the chemistry but forget 
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the term, you may find yourself comparing the energy of molecular motion to 
that of a speeding bullet. The faster the bullet——in other words, the greater its 
kinetic energy—the greater its capacity to cause harm. Similarly, the faster the 
speed of the molecules in the coffee, the greater their capacity to harm your 
tongue. So, while kinetic energy and other chemistry-related terms are useful for 
communication, they do not guarantee conceptual understanding. lf you focus 
first on the concepts, the language used to describe them will come to you much 
more naturally. 

Because this chapter focuses on how chemists describe and classify matter, it 
lays the foundation for all future chapters. Take special note of the boldfaced 
terms, and be sure to practice articulating and paraphrasing the concepts they rep- 
resent. Do this by describing these concepts aloud to yourself (or to a friend) with- 
out looking at the book.When you are able to eXpress these concepts in your own 
words, you will have the insight to do well in this course and beyond. 

We begin by looking at how chemists describe matter by its physical and 
chemical properties. 


2.1 Matter Has Physical and Chemical Properties 


Properties that describe the look or feel oÊa substance, such as color, hard- 
ness, density, texture, and phase, are called physical properties. Every sub- 
stance has its own set of characteristic physical properties that we can use 
to identify that substance (Figure 2. ]). 

The physical properties of a substance can change when conditions 
change, but that does not mean a different substance is created. Cooling 
liquid water to below 0°C causes the water to transform to solid Ice, 


—.T=t=`=x: 


Gold Diamond Water 

Opacity: opaque Opacity: transparent Opacity: transparent 

Color: yellowish Color: colorless Color: colorless 

Phase at 25°C: solid Phase at 25”C: solid Phase at 25”C: liquid 

Density: 19.3 g/mL Density: 3.5 g/mL Density: 1.0 g/mL 
Figure 2.1 


Gold, diamond, and water can be identified by their physical properties. lÝ a substance has all 
the physical properties listed under gold, for example, it must be gold. 
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but the substance 1s suill water because ít ¡s still H;O no matter which 
phase 1t 1s 1n. The only diference is how the H;O molecules are oriented 
relative to one another. In the liquid, the water molecules tumble around 
one another, whereas in the ice they vibrate about Ññxed positions. 
The freezing of water is an example of what chemists call a physical 
change. During a physical change, a substance changes its phase or some 


_ tm physical property but øø/ its chemical composition, as Figure 2.2 
shows. 


-Ñ # 
tổ L 
® s 


_`¬: 
(Í_ ` PHYSICAL CHANGE › 
b >>. 


Water molecules, H;O, Water molecules, H;O, Atoms of liquid Atoms of liquid 


of lỉquid water of solid water (ice) mercury, Hg, mercury, Hg, at 
at 25°C 100°C (expanded) 
(a) (b) 
Figure 2.2 


Two physical changes. (a) Liquid water and ice might look like different substances, but at the 
submicroscopic level, it is evident that both consist of water molecules. (b) At 25°C, the atoms in 
a sample of mercury are a certain distance apart, yielding a density of 13.53 grams per milliliter. 
At 100°C, the atoms are farther apart, meaning that each milliliter now contains fewer atoms 
than at 25°C, and the density is now 13.35 grams per milliliter. The physical property we call den- 
sity has changed with the temperature, bụt the identity of the substance remains unchanged: 
mercury is merCUry. 
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Figure 2.3 

The chemical properties of substances 
allow them to transform to new sub- 
stances. Natural gas and baking soda 
transform to carbon dioxide, water, and 
heat. Copper transforms to patina. 


Figure 2.4 

The chemical change in which mole- 
cules of methane and oxygen trans- 
form to molecules of carbon dioxide 
and water as atoms break old bonds 
and form new ones. The actual mecha- 
nism of this transformation is more 
complicated than depicted here; how- 
ever, the idea that new materials are 
formed by the rearrangement of atoms 
iS accurate. 


Concept Check v 
The melting of gold is a physical change. Why? 


Was this YOUF âanSWeF? During a physical change, a substance changes only one or more of Íts 
physical properties; its iđentity does not change. Because melted gold is still gold but in a different form, 
this change is a physical change. 


X 


Methane 

Reacts with oxygen to form 
carbon dioxide and water, 
giving off lots of heat during 
the reaction. 


Baking soda Copper 

Reacts with vinegar to form Reacts with carbon dioxide 
carbon dioxide and water, and water to form the greenish- 
absorbing heat during the blue substance called patina. 
reaction. 


Chemical properties are those that characterize the ability ofa substance 
to react with other substances or to transform from one substance to another. 
Figure 2.3 shows three examples. The methane of natural gas has the chemi- 
cal property of reacting with oxygen to produce carbon dioxide and water, 
along with lots of heat energy. Similarly, it is a chemical property of baking 
soda to react with vinegar to produce carbon dioxide and water while absorb- 
¡ng a small amount of heat energy. Copper has the chemical property Of react- 
¡ng with carbon dioxide and water to form a greenish-blue solid known as 
patina. Copper statues exposed to the carbon dioxide and water in the air 
become coated with patina. The patina is not copper, it is not carbon diox- 
ide, and it is not water. Ít is a new substance formed by the reaction of these 
chemicals with one another. 

All three of these transformations involve a change in the way the atoms 
in the molecules are ez/caljy ðøz¿ to one another. (Á eðezw/eal bon 1s 
the attraction between two atoms that holds them together in a molecule.) 
A methane molecule, for example, is made o£a single carbon atom bonded 
to four hydrogen atoms, and an oxygen molecule ¡s made of two oxygen 
atoms bonded to cach other. Fipure 2.4 shows the chemical change in 
which the atoms in a methane molecule and those in two oxyeen molecules 
first pull apart and then form new bonds with different partners, resulting 
¡n the formation of molecules o£ carbon dioxide and water. 


Oxygen v$ ` sẻ 
'®_ ,o_...¬œ 


tô s‹Ồ x3 Carbon 
- dioxide 


Methane 
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Any change in a substance that involves a rearraneement of the way 
atoms are bonded ¡s called a chemical change. Thus the transformation of 
methane to carbon dioxide and water is a chemical change, as are the other 
two transformations shown in Figure 2.3. 

The chemical change shown ¡in Figure 2.5 occurs when an electric cur- 
rent 1s passed throupgh water. The energy of the current causes the water 
molecules to split into atoms that then form new chemical bonds. Thus, 
water molecules are changed into molecules of hydrogen and oxygen, two 
substances that are very different ffom water. The hydrogen and oxygen are 
both gases at room temperature, and they can be seen as bubbles rising to 
the surface. 


Liquid water, H;O 


Gaseous oxygen, Ô; 


Gaseous hydrogen,H; 


Figure 2.5 
Water can be transformed to hydrogen gas and oxygen gas by the energy of an electric current. 
This is a chemical change because new materials (the two gases) are formed as the atoms origi- 


nally in the water molecules are rearranged. 
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In the language of chemistry, materials undergoing a chemical change 
are said to be z#Zc/2zø. Methane z2zc#s with oxygen to form carbon dioxide 
and water. Water zzcø when exposed to electricity to form hydrogen gas 
and oxygen gas. Thus the term eezz/22/ eð27;g£ means the same thing as 
cbezical reacfiøn. During a chemical reaction, new materials are formed 
by a change ¡n the way atoms are bonded together. Wc shall explore chem- 
ical bonds and the reactions in which they are formed and broken in later 


chapters. 


Concept Check v 


Each sphere in the following diagrams represents an atom. Joined spheres 
represent molecules. One set of diagrams shows a physical change, and 
the other shows a chemical change. Which is which? 


Was this YyoUf anSW@F? Remember that a chemical change (also known as a chemical reaction) 
involves molecules breaking apart so that the atoms are free to form new bonds with new partners. You 
must be careful to distinguish this breaking apart from a mere change in the relative positions of a group 
of molecules. In set A, the molecules before and after the change are the same. They differ only in their 
positions relative to one another. Set A therefore represents a physical change. In set B, new molecules 
consisting of bonded red and blue spheres appear after the change. These molecules represent a new 
material, and so B is a chemical change. 


Hands-On Chemistry: Fire Water 


This activity is for those of you with access to a gas stove. Place a large pot of 
cool water on top of the stove, and set the burner on high. What product from 
the combustion of the natural gas do you see condensing on the outside of the 
pot? Where did it come from? Would more or less of this product form if the 
pot contained ice water? Where does this product go as the pot gets warmer? 
What physical and chemical changes can you identify? 


Chemistru 
c?5:f 
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Determining Whether a Change Is Physical or Chemical Can Be Difficult 


How can you tell whether a change you observe is physical or chemical? Ït 
can be tricky because in both cases there are changes in physical appearance. 
Water, tor example, looks quite different after it Íreezes, just as a car looks 
quite different after it rusts (Figure 2.6). The freezing of water results from 
a change In how water molecules are oriented relative to one another. This 
1s a physical change because liquid water and frozen water are both forms 
of water. The rusting of a car, by contrast, ¡s the result of the transforma- 
tion of iron to rust. Thịs is a chemical change because iron and rust are two 
diferent materials, cach consisting ofa different arrangement of atoms. Às 
we shall see in the next two sections, iron is an ¿//z and rust Is a £07- 
0ø consisting of Iron and oxygen atoms. 


J )Ể/2 > : 


Figure 2.6 

The transformation of water to ice and 
the transformation of iron to rust both 
involve a change in physical appear- 
ance. The formation of ice is a physical 
change, and the formation of rust is a 
chemical change. 


By studying this chapter, you can expect to learn the difference between 
a physical change and a chemical change. However, you cannot €xp€c to 
have a ñrm handle on how to categorize an observed change as physical or 
chemical because doing so requires a knowledge of the chemical identity of 
the materials involved as well as an understanding of how their atoms and 
molecules behave. This sort of insight builds over many years of study and 
laboratory experlence. 

There are, however, two powerful guidelines that can assist you 1n aSS€SS- 
¡ng physical and chemical changes. First, In a physical change, a change in 
appearance is the result oFa new set OF conditions imposed on the s27 mate- 
rial. Restoring the original conditions restores the original appearance: 
frozen water melts upon warming. Second, in a chemical change, a change 
in appearance is the result of the formation o£a ø£ø material that has Its own 
unique set of physical properties. The more evidence you have suggesting 
that a different material has been formed, the greater the likelihood that the 
change is a chemical change. lron Is a material that can be used to build cars. 
Rust is not. Thịs suggests that the rusting o iron is a chemical change. 
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Figure 2.7 shows potassium chromate, a material whose color depends 
on temperature. Át room temperature, potassium chromate is a bripht 
canary yellow. At higher temperatures, ¡t is a deep reddish orange. Upon 
cooling, the canary color returns, suggesting that the change is physical. 
With a chemical change, reverting to original conditions does not restore 
the original appearance. Ammonium dichromate, shown in Figure 2.8, is 
an orange material that when heated explodes into ammonla, Water vapoï, 
and green chromium(III) oxide. When the test tube ¡s returned to the orIg- 
inal temperature, there is no trace of orange ammonium dichromate. Ïn Its 
place are new substances having completely different physical properties. 


Fiqgure 2.7 
Potassium chromate changes color as its temperature changes. This change in color is a physical 
change. A return to the original temperature restores the original bright yellow color. 
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Figure 2.8 

When heated, orange ammonium dichromate undergoes a chemical change to ammonia, water 
vapor, and chromium(ll) oxide. A return to the original temperature does not restore the orange 
color because the ammonium dichromate is no longer there. 
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Concept Check v 


Michaela has grown an inch in height over the past year. ls this best 
described as a physical or a chemical change? 


Was this Yy0ur ânSWeF? Are new materials being formed as Michaela grows? Absolutely— 
created out of the food she eats. Her body is very different from, say, the peanut butter sandwich she ate 
yesterday. Yet through some very advanced chemistry, her body is able to take the atoms of that peanut 
butter sandwich and rearrange them into new materials. Biological growth, therefore, is best described as 
a chemical change. 


2.2 Atoms Are the Fundamental 
Components of Elements 

You know that atoms make up the matter around you, from stars to steel 
to chocolate ice cream. You might think that there must be many different 
kinds of atoms to account for the huge diversity of matter, but the number 
of diferent kinds of atoms is surprisingly small. The great variety of sub- 
stances results from the many ways a few kinds of atoms can be com- 
bined.Just as the three colors red, green, and blue can be combined to form 
any color on a television screen or the 26 letters of the alphabet make up 
all the words in a dictionary, only a few kinds of atoms combine ¡n differ- 
ent ways to produce all substances. To date, we know of sliphtly more than 
100 distinct atoms. Of these, about 90 are found in nature. The remaining 
atoms have been created ¡n the laboratory. 

Any material that is made up of onÌy one typ€ of atom is classified as an 
element. A few examples are shown in Figure 2.9. Pure gold, for example, is 
an element—it contains only gold atoms. Similarly, one of the gases in air is 
nitrogen, an element. Nitrogen gas 1s an element because it contains onÌy 
nitrogen atoms. Likewise, the graphite in your pencil is an element— 
carbon. Graphite ¡s made up solely of carbon atoms. All of the elements are 
listed in a chart called the periodic table, shown ¡n Figurc 2.10. 


Atomic symbol 
for gold 


Âu 


A gold atom 


The element gold 


Atomic symbol 
for nitrogen 


N 


Â nitrogen atom in 
a nitrogen molecule 


The element nitrogen 


Atomic symbol 
for carbon 


The element carbon 


Figure 2.9 

Any element consists of only one kind 
of atom. Gold consists of only gold 
atoms, a flask of gaseous nitrogen con- 
sists of only nitrogen atoms, and the 
carbon of a graphite pencil consists of 
only carbon atoms. 
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Figure 2.10 
The periodic table lists all the known 
elements. 
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As you can see from the periodic table, cach element ¡is designated by Its 
atomic symbol, which comes from the letters of the elements name. For 
example, the atomic symbol for carbon ¡is C, and that for chỈorine is CÍ. In 
many cases, the atomic symbol is derived from the elements Latin name. Gold 
has the atomic symbol Au after ¡its Latin name, z7. Lead has the atomic 
symbol Pb after its Latin name, ø//#zø (Figure 2.1 1). Flements having sym- 
bols derived from Latin names are usually those discovered earliest. 

Note that only the first letter of an atomic symbol is capitalized. The 
symbol for the element cobalt, for instance, is Co, while CO ¡is a combina- 
tion o£ two elements: carbon, C, and oxygen, ©. 


Figure. 2.11 

A plumb bob, a heavy weight attached 
to a string and used by carpenters and 
surveyors to establish a straight verti- 
cal line, gets it name from the lead 
(plumbum, PP) that is still sometimes 
used as the weight. Plumbers got their 
name because they once worked with 
lead pipes. 
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The terms ¿2ø and z/øz are often used in a similar context. You 
might hear, for example, that gold ¡s an element made of gold atoms. Gen- 
crally, ¿/zzz£z# is used in reference to an entire macroscopIC or microscopic 
sample, and 2ø is used when speaking of the submicroscopic particles in 
the sample. The important distinction 1s that elements are made of atoms 
and not the other way around. 

How many atoms are bound together in an element is shown by an eÌe- 
mental formula. For elements in which the basic units are individual atoms, 
the elemental formula ¡s simply the chemical symbol: Au is the elemenral 
formula for gold, and L¡ ¡s the elemental formula for lithium, to name just 
two examples. For clements In which the basic units are twO or more atoms 
bonded ¡into molecules, the elemenral formula ¡s the chemical symbol fol- 
lowed by a subscript indicating the number of atoms in cach molecule. For 
example, elemental nitrogen, as was shown ¡n Figure 2.9, commonly con- 
sists of molecules containing two nitrogen atoms per molecule. Thus N¿ 1s 
the usual elemenrtal formula given for nitrogen. Similarly, ©; 1s the elemen- 
tal formula for oxygen, and S ¡s the elemental formula for sulfur. 


Concept Check v 


The oxygen we breathe, O›, is converted to ozone, O;, in the presence of 
an electric spark. Is this a physical or chemical change? 


Was this Y0ur anSWeFr? When atoms regroup, the result is an entirely new substance, and that is 
what happens here. The oxygen we breathe, O;„is odorless and life-giving.Ozone, O;,can be toxic and has 
a pungent smell commonly associated with electric motors. The conversion of O; to Oz ¡s therefore a 
chemical change. However, both O; and O; are elemental forms of oxygen. 


2.5 Elements Can Combine to Form Compounds 


hen atoms of 2/272 elements bond to one another, they make a com- 
pound. Sodium atoms and chỈorine atoms, for example, bond to make the 
compound sodium chloride, commonly known as table salt. Nitrogen 
atoms and hydrogen atoms join to make the compound ammonia, a com- 
mon household cleaner. 

A compound is represented by its chemical formula, in which the sym- 
bols for the elements are written together. The chemical formula for 
sodidm chloride is NaCl, and that for ammonia ¡is NHạ. Numerical sub- 
scripts indicate the ratio in which the atoms combine. By convention, the 
subscript 1 is understood and omitted. So the chemical formula NaC] tells 
us that ¡n the compound sodium chloride there is one sodium Íor every one 
chlorine, and the chemical formula NH¿ tells us that in the compound 
ammonia there is one nitrogen atom for every three hydrogen atoms, as 
Figure 2.12 shows. 

Compounds have physical and chemical properties that are different 
from the properties of their elemental components. The sodium chỈoride, 


Sodium chloride, NaCl 


v Hydrogen atom 


Nitrogen atom 


Ammonia,NH; 


Figure 2.12 

The compounds sodium chloride and 
ammonia are represented by their 
chemical formulas, NaC| and NH;. A 
chemical formula shows the ratio of 
atoms used to make the compound. 
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Sodium metal and chlorine gas react to form sodium chioride 


Figure 2.13 

Sodium metal and chlorine gas react together to form sodium chloride. Although the 
compound sodium chỉoride is composed of sodium and chlorine, the physical and chemical 
properties of sodium chloride are very different from the physical and chemical properties of 
either sodium metal or chlorine gas. 


NaCl, shown in Figure 2.13 ¡s very different from the elemental sodium 
and elemental chlorine used to form it. Elemental sodium, ÌNa, consists of 
nothing but sodium atoms, which form a soft, silvery metal that can be cut 
easily with a knứe. Ïts melting point ¡s 97.5°C, and ¡t reacts violently with 
water. Flemental chlorine, CÍ;, consists of chỈorine molecules. This mate- 
rial, a yellow-green gas at room temperature, is very toxic and was used as 
a chemical warfare agent during World WWar [. Irs boiling point is —34°C. 
The compound sodium chloride, NaC], ¡s a translucent, brittle, colorless 
crystal having a melting point o£ 800°C. Sodium chloride does not chem- 
Ically react with water the way sodium does, and not onÌy is it not toxic to 
humans the way chÏlorine is, but the very opposite is true: it is an essential 
componenr of all living organisms. Sodium chloride is not sodium, nor is 
it chỈorine; ít ¡is uniquely sodium chÏoride, a tasty chemical when sprinkled 
lightÌy over popcorn. 


Concept Check v 


Hydrogen sulfide, H;S, is one of the smelliest compounds. Rotten eggs 
get their characteristic bad smell from the hydrogen sulfide they release. 
Can you infer from this information that elemental sulfur, Sa, is just as 
smelly? 


Was this Y0UuF ânSWeF? No,you cannot.In fact,the odor of elemental sulfur is negligible compared 
with that of hydrogen sulfide. Compounds are truly different from the elements from which they are 
formed. Hydrogen sulfide, H;S, is as different from elemental sulfur, Sa, as water, H;O, ìs from elemental 
Oxygen, ©:. 


2.3. Elements Can Combine to Form Compounds 


Hands-On Chemistry: Oxygen Bubble Bursts 


Compounds can be broken down to their component elements. For example, 
when you pour a solution of the compound hydrogen peroxide, H;O;, over a 
cut, an enzyme ín your blood decomposes ít to produce oxygen gas, Ô;, as eVi- 
denced by the bubbling that takes place. It ís this oxygen at high concentra- 
tions at the site of injury that kills off microorganisms. A similar enzyme is 
found í¡n baker yeast. 


What You Need 


Packet of bakers yeast; 3% hydrogen peroxide solution; short, wide drinking 
glass; tweezers; matches 


Safety Note 


Wear safety glasses, and remove all combustibles, such as paper towels, from 
the area. Keep your fingers well away from the flame because ít will glow more 
brightly as ít is exposed to the oxygen. 


Procedure 


 Pour the yeast into the glass. Add a couple of capfuls of the hydrogen 
` peroxide and watch the oxygen bubbles form. 


(2) Test for the presence of oxygen by holding a lighted match with the 
tweezers and putting the flame near the bubbles. Look for the flame 
to glow more brightly as the escaping oxygen passes Over it. 


Describe oxygen%s physical and chemical properties. 


Compounds Are Named According to the Elements They Contain 


A system for naming the countless number of possible compounds has been 
developed by the International Dnion for Pure and Applied Chemistry 
(IUPAC). This system is designed so that a compoundS name reflects the 
elements it contains and how those elements are put together. Anyone 
familiar with the system, therefore, can deduce the chemical identity of a 
compound from Its šÿ5//722//£ 71477. 

Ás you mipht imagine, this system is very intricate. However, you need 
not learn all its rules. At this point, learning some guidelines will prove 
most helpful. These guidelines alone will not enabÌe you to name every 
compound; however, they wilÌ acquaint you with how the system works for 
many simple compounds consisting of onÌy two elements. 


Guideline 1 The name of the element farther to the left in the periodic table 
¡s followed by the name of the element farther to the right, with the suffix 
-2z added to the name of the Ìatter: 


NaC1 Sodium chloride HCI Hydrogen chloride 
LO Lithium oxide MgO  Magnesium oxide 
CaF; Calcium fuoride SrzP¿ — Strontum phosphidc 


Conceptual 
Chemistru 
cv: tị 
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Guideline 2 When two or more compounds have diferent numbers of the 
same elements, prefxes are added to remove the ambiguity. The ñrst four 
prefixes are zøø- (“one”), Z/- (“two”), /z2- (“three”), and ø#z- (“four”). The 
prefx #2⁄ø-, however, is commonly omitted from the beginning of the first 
word of the name: 


Carbon and oxygen 


CC) Carbon monoxide 
CO;  Carbon dioxide 


Nitrogen and oxygen 


NO; Nitrogen dioxide 
N;Ox_ Dinitrogen tetroxide 


Sulfur and oxygen 


SO;, _ Sulfur dioxide 
SOz _ Sulfur trioxide 


Guldeline 5 Many compounds are not usually referred to by their system- 
atic names. Instead, they are assipned cøøw ø4£s that are more con- 
venlent or have been used traditionally for many years. Some common 
names we use in C2cep##zl CÖjewsry are 102#er for HạO, azwnø2/a for 
NHạ, and zz⁄2z£ for CHa. Pteroenone, the name of the compound 
extracted from the sea butterfly referred to in Chapter Ì, ¡is a common 
name. The systematic name for this compound, though more descriptive of 
the elements it contains, is much longer: 5(S)-methyl-6(R)-hydroxy-7,9- 
dimethyl-7,9-diene-4-undecanone. 


Concept Check v 


What is the systematic name for NaF? 


Was this YOUF answer? Thi: compound is a cavity-fighting substance added to some tooth- 
pastes—sodium fluoride. 


2.44 Most Materials Are Mixtures 


A mixture Is a combination of two or more substances in which each sub- 
stance retains its properties. Most materials we encounter are mixtures: 
mixtures of elements, mixtures oÊ compounds, or mixtures of elements 
and compoundk. Stainless steel, for example, is a mixture of the elements 
Iron, chromium, nickel, and carbon. Seltzer water is a mixture of the liq- 
uid compound water and the gaseous compound carbon dioxide. Qur 
atmosphere, as Figure 2.14 illustrates, is a mixture of the elements nitro- 
gen, oxygen, and argon plus small amounts oỂ such compounds as carbon 
dioxide and water vapor. 


2.4 Most Materials Are Mixtures H-: 


Component Percent composition 


Nitrogen,N; 78% 
Oxygen,O; 21% 
Argon, Ar 0.9% 
Water, H;O 0-4% (variable) 


Carbon dioxide,CO;  0.034% (variable) 


Tap water Is a mixture containing mostly water but also many other 
compounds. Depending on your location, your water may contain com- 
pounds of calctium, magnestum, Ñuorine, iron, and potassium; chÏorine dis- 
Infectants; trace amounts of compounds o£ lead, mercury, and cadmium; 
organic compounds; and dissolved oxygen, nitrogen, and carbon dioxide. 
While it is surely important to minimize any toxic components In your 
drinking water, it is unnecessary, undesirable, and impossible to remove all 
other substances from it. Some of the dissolved solids and gases gIve water 
its characteristic taste, and many of them promote human health: Ñuoride 
compounds protect teeth, chlorine destroys harmful bacteria, and as much 
as 10 percent of our daily requirement for iron, potassium, calcium, and 
magnesium ¡s obtained from drinking water (Figures 2.15 and 2.16). 


Figure 2.14 

The Earth atmosphere is a mixture of 
gaseous elements and compounds. 
Some of them are shown here. 


Fiqgure 2.15 

Tap water provides us with water as 
well as a large number of other com- 
pounds, many of which are flavorful 
and healthful. Bottoms upl 


Figure 2.16 

Most of the oxygen in the air bubbles 
produced by an aquarium aerator 
escapes into the atmosphere. Some of 
the oxygen, however, mixes with the 
water. Ít is this oxygen the fish depend 
on to survive. Without this dissolved 
oxygen, which they extract with their 
gills, the fish would promptly drown. So 
fish dont “breathe” water. They breathe 
the oxygen, O›, dissolved in the water. 
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Symbol for sugar 
molecule, which is 
sucrose,CzH›zO 
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Concept Check v 


So far, you have learned about three kinds of matter: elements, com- 
pounds, and mixtures. Which box below contains only an element? Which 
contains only a compound? Which contains a mixture? 


Ÿ 
® 


A B C 


Was this Y0uFT anSW€FT? The molecules in box A each contain two different types of atoms and 
SO are representative of a compound. The molecules in box B each consist of the same atoms and so 
are representative of an element. Box C is a mixture of the compound and the element. 

Note how the molecules of the compound and those of the element remain intact in the 
mixture. That is, upon the formation of the mixture, there is no exchange of atoms between the 
components. 


There ¡s a difference between the way substances—either elements or 
compounds—combine to form mixtures and the way elements combine to 
form compounds. Each substance in a mixture retains its chemical identity. 
The sugar molecules in the teaspoon of sugar in Figure 2.17, for example, 
are identical to the sugar molecules already ¡n the tea. The only difference 
1s that the sugar molecules ¡in the tea are mixed with other substances, 
mostly water. The formation of a mixture, therefore, ¡is a physical change. 
As was discussed in Section 2.3, when elements Join to form compoundb, 
there ¡is a change in chemical identity. Sodium chÏloride is not a mixture of 
sodium and chlorine atoms. Instead, sodium chloride ¡is a compound, 
which means ít is entirely different from the elements used to make it. The 
formation of a compound ¡s therefore a chemical change. 


Sugar in water 


Figure 2.17 
Table sugar is a compound consisting of only sucrose molecules. Once these molecules are 
mixed into hot tea, they become interspersed among the water and tea molecules and form 


a sugar-tea-water mixture. No new compounds are formed, and so this is an example of a 
physical change. 
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Mixtures Can Be Separated by Physical Means 


The components oŸ mixtures can be separated from one another by taking 
advantage of differences in the components` physical properties. A mixture 
of solids and liquids, for example, can be separated using filter paper 
through which the liquids pass but the solids do not. Thịs is how coffee is 
often made: the caffeine and favor molecules in the hot water pass through 
the filter and into the coffee pot while the solid coffee grounds remain 
behind. Thịs method of separating a solid-liquid mixture is called Ø/2/7øø 
and is a common technique used by chemists. 

Mixtures can also be separated by taking advantage of a difference ¡in 
boiling or melting points. Seawater is a mixture of water and a variety of 
compounds, mostly sodium chloride. Whereas pure water boils at 100°C, 
sodium chloride doesnt even 7# until 800°C. One way to separate pure 
water from the mixture we call seawater, therefore, 1s to heat the seawater 
to about 100°C. At this temperature, the liquid water readily transforms to 
water vapor but the sodium chloride stays behind dissolved in the remain- 
Ing water. As the water vapor rises, it can be channeled into a cooler con- 
tainer, where ¡it condenses to a liquid without the dissolved solids. Thịs 
process of collectine a vaporized substance, called ZZs////øø, 1s tÌÌustrated 
in Figure 2.18. After all the water has been distilled from seawater, what 
remain are dry solids. These solids, also a mixture of compounds, contain a 
variety of valuable materials, including sodium chloride, potasstum bro- 
mide, and a small amount of gold! (For details on why th¡s gold ¡s not 
recoverable, see Section 19.3.) Further separation of the components of this 
mixture is of signiicant commercial interest (Figure 2.19). 


(b) 


Figure 2.18 

(a) A simple distillation setup used to 
separate one component—water— 
from the mixture we call seawater. The 
seawater ¡is boiled in the flask on the 
left. The rising water vapor is chan- 
neled into a downward-slanting tube 
kept cool by cold water flowing across 
Ìts outer surface. The water vapor 
inside the cool tube condenses and 
collects in the flask on the right. (b) A 
whiskey still works on the same princi- 
ple. A mixture containing alcohol is 
heated to the point where the alcohol, 
some flavoring molecules, and some 
water are vaporized. These vapors 
travel through the copper coils, where 
they condense to 

a liquid ready for collection. 


Figure 2.19 
At the southern end of San Francisco Bay are areas where the seawater has been partitioned off. 


These are evaporation ponds where the water is allowed to evaporate, leaving behind the solids 
that were dissolved in the seawater. These solids are further refined for commercial sale. The 
remarkable color of the ponds results from suspended particles of iron oxide and other miner- 
als, which are easily removed during refining. 
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Hands-On Chemistry: Bottoms Up and Bubbles Out 


Whats in a glass of water? Separate the components of your tap water to 
find out. 


What You Need 

Tap water, sparkling clean cooking pot, stove, knife 

Safety Note 

Wear safety glasses for step 1 because some splattering may OCCUF. 
Procedure 


(1) Put on your safety glasses and add the tap water to the cooking pot. 
Boil the water to dryness. (Turn off the burner before the water is all 
gone. The heat from the pot will finish the evaporation.) 


(2) Examine the resulting residue by scraping it with the knife. These are 
the solids you ingest with every glass of water you drink. 


() To see the gases dissolved in your water, fill a clean cooking pot with 
water and let it stand at room temperature for several hours. Note the 
bubbles that adhere to the inner sides of the pot. 


Where did the bubbles of step 3 come from? What do you suppose they 
contain? 


2.5 Chemists Classify Matter as Pure or lmpure 


IÝa material is pure, it consists of only a single element or a single com- 
pound. In pure gold, for example, there is nothing but the element gold. In 
pure table salt, there is nothing but the compound sodium chÏloride. I a 
material Is impure, ¡it is a mixture and contains two or more elements or 
compounds. Thịs classiication scheme ¡s shown in Figure 2.20. 


MATTER 
.- SÀN - - 
Pure l lmpure 
(mixture) 
Element Compound Homogeneous Heterogeneous 
Gold, Au Salt, NaCl mixture mixture 
Sulfur,Sz Carbon dioxide, CO, Sand in water 
Nitrogen,N; ._ Ammonia,NH; .. Oil and water 
Sand and salt 
Solution Suspension 
Air(N›,O.) Milk (water, solid proteins) 
Salt water (NaCl,H;O) ... Blood (water,solid proteins) 
Figure 2.20 White gold (Au,Pd) Fog (air,tỉny water droplets) 


The chemical classification of matter. 


2.5. Chemists Classify Matter as Pure or lmpure 


Đecause atoms and molecules are so small, ¡t is impractical to prepare a 
sample that is truly pure—that is, truly 100 percent ofa sinele material. For 
cexample, IÝ Just one atom or molecule out ofa trillion trillion were differ- 
ent, then the 100 percent pure status would be lost. Samples can be “buri- 
Red” by various methods, however, such as distillation. When we Say Ø1€, 
1t 1s understood to be a relative term. Comparing the purity of two samples, 
the purer one contains fewer impurities. A sample of water that is 99.9 per- 
cent pure has a greater proportion ofimpurities than does a sample oÝ water 
that is 99.9999 percent pure. 

Sometimes naturally occurring mixtures are labeled as being pure, as in 
“pure orange juice.” Such a statement merely means that nothing artifcial 
has been added. According to a chemists defnition, however, orange juice 
1s anything but pure, as it contains a wide variety of materials, including 
water, puÌp, Ïavorings, vitamins, and sugars. 

Mixtures may be heterogeneous or homogeneous. In a heterogeneous 
mixture, the difÍerent components can be seen as ¡individual substances, 
such as puÌp in orange juice, sand in water, or oil plobules dispersed In vine- 
gar. The different components are visible. Homogeneous mixtures have 
the same compositlon throuphout. Any one region of the mixture has the 
same ratio o£ substances as does any other region, and the components can- 
not be seen as individual identiiable entities. The disuncuon 1s shown In 
Eigure 2.21. 


Granite “Snow”in snow globe Pizza 


(a) Heterogeneous mixtures 


Air Clear seawater White gold 


(b) Homogeneous mixtures 


Figure 2.21 
(a) In heterogeneous mixtures, the different components can be seen with the naked eye. 
(b) In homogeneous mixtures, the different components are mixed at a much finer level and 


so are not readily distinguished. 
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Figure 2.22 
The path of light becomes visible when 
the light passes through a suspension. 


A homogeneous mixture may be either a solutlon or a suspension. Ín a 
solution, all components are in the same phase. The atmosphere we brcathe 
is a gaseous solution consisting of the gaseous elements nitrogen and oxygen 
as well as minor amounts of other gaseous materials. Salt water is a liquid 
solution because both the water and the dissolved sodium chloride are found 
¡n a single liquid phase. An example ofa solid solution is white gold, which 
is a homogeneous mixture of the elements gold and palladium. Y%€ shall be 
discussing solutions in more đetail in Chapter 7. 

A suspension is a homogeneous mixture in which the different com- 
ponents are in different phases, such as solids in liquids or liquids in gases. 
Ín a suspension, the mixing is so thorough that the different phases cannot 
be readily disinguished. Milk ¡s a suspension because ít ¡sa homogeneous 
mixture of proteins and fats ñnely dispersed in water. Blood is a suspension 
composed of finely dispersed blood cells in water. Another example of a 
suspension ¡is clouds, which are homogeneous mixtures OF tiny wWater 
droplets suspended in air. Shining a light through a suspension, as is done 
¡n Eigure 2.22, results in a visible cone as the light is refected by the sus- 
pended componens. 

The easiest way to distinguish a suspension from a solution in the lab- 
oratory is to spin a sample in a centrifuge. This device, spinning at thou- 
sands of revolutions per minute, separates the components of suspensions 
but not those oÊ solutions, as Figure 2.23 shows. 


Blood plasma 

(a solution) 
White blood cells 
Red blood cells 


Blood 
(a suspension) Centrifuge 


Figure 2.23 

Blood, because it is a suspension, can be centrifuged into its components, which include the 
blood plasma (a yellowish solution) and white and red blood cells. The components of the plasma 
cannot be separated from one another here because a centrifuge has no effect on solutions. 


Concept Check v 


Impure water can be purified by 
a. removing the impure water molecules. 
b. removing everything that is not water. 
c. breaking down the water to its simplest components. 
d. adding some disinfectant such as chlorine. 


Was this Yÿ0Uuf ansWer? water, H;O, is a compound made of the elements hydrogen and oxygen 
in a 2-to-1 ratio. Every HO molecule is exactly the same as every other, and theres no such thỉng as an 
impure H;O molecule. Just about anything, including you, beach balls, rubber ducks, dust particles, and 
bacteria,can be found in water. When something other than water is found in water,wWe say that the water 
is impure. lt is important to see that the impurities are in the water and not part ofthe water,which means 
that it is possible to remove them by a variety of physical means, such as filtration or distillation. The 
answer to this Concept Check is b. 


2.6 EFlements Are Organized in the Periodic Table by Their Properties 


2.6. Elements Are Organized in the 
Perlodic Table by Their Properties 


As was mentloned in Section 2.2, the periodic table is a listing of all the 
known elements. There is so much more to this table, however. Most 
notably, the elements are organized in the table based on their physical and 
chemical properties. One of the most apparent examples ¡s how the ele- 
ments are øgrouped as metals, nonmetals, and metalloids. 

As shown in Figure 2.24, most of the known elements are metals, 
which are deRned as those elements that are shiny, opaque, and good con- 
ductors of electricity and heat. Metals are øz//⁄zð/z, which means they can 
be hammercd into different shapes or bent without breaking. They are also 
Zwcre, which means they can be drawn into wires. All but a few metals are 
solid at room temperature. The exceptions include mercury, Hg; gallium, 
Ga; cesium, Cs; and francium, Fr; which are all liquids at a warm room 
temperature of 30°C (86°F). Another interesting exception ¡s hydrogen, H, 


About 50,000 pounds of 
synthetic `. 
are produced 
each year. 


AIlloys of titanium are 
relatively strong and 
resistant to corrosion, 
which makes them useful : 
for hip implants. KÝ 


Cylindersof ` . 
99.9999% pure SS“ 
silicon are sliced into “===* 


wafers for the manufacture 
of integrated circuits. 


lf this silver mug were 
filled with boiling water, 
the handle would quickly 
become too hot to handle 
because silver is one of the 
best conductors of heat. 


Zinc has a low melting 
point and is commonly 
used in making coins. 
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Figure 2.24 
The periodic table color-coded to show metals, nonmetals, and metalloids. 
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periodic †able, or even 
poar†s of i†—~be†ter †o 
focus on †he many qreo† 
concep†s behind i†s 
Orgonizo†Tion. 


Helium is formed 
underground 

as a by-product 
of radioactive 
decay. 


Bromine is a dark 
orange liquid that 
readily vaporizes at 
room temperature. 
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Figure 2.25 

Geoplanetary models suggest that 
hydrogen exists as a liquid metal deep 
beneath the surfaces of Jupiter (shown 
here) and Saturn. These planets are 
composed mostly of hydrogen. lnside 
them, the pressure exceeds 3 million 
tỉimes the Earths atmospheric pressure. 
At this trenendously high pressure, 
hydrogen is pressed to a liquid-metal 
phase. Back here on the Earth at our 
relatively low atmospheric pressure, 
hydrogen exists as a nonmetallic gas of 
hydrogen molecules, H¿. 


which takes on the properties of a liquid metal only at very hiph pressures 
(Eigure 2.25). Under normal conditions, hydrogen atoms combine to form 
hydrogen molecules, Hạ, which behave as a nonmetallic gas. 

The nonmetallic elements, with the exception of hydrogen, are on the 
right of the periodic table. NÑonmetals are very poor conductors of elec- 
tricity and heat, and may also be transparent. Solid nonmetals are neither 
malleable nor ductile. Rather, they\are brittle and shatter when hammered. 
At 30°C (86°F), some nonmetals are solid (carbon, C), others are liquid 
(bromine, Br), and still others are gaseous (helium, He). 

Six elements are classiled as metalloids: boron, B; silicon, S1; germa- 
nium, Ge; arsenic, Ás; antimony, Sb; and tellurium, le. Situated between 
the metals and the nonmetals in the periodic table, the metalloids have 
both metallic and nonmetallic characteristics. For example, these elements 
are weak conductors of electricity, which makes them useful as semicon- 
ductors in the integrated circuits of computers. Note from the perlodic 
table how germanium, Ge (number 32), 1s closer to the metals than to the 
nonmetals. Because of this positloning, we can deduce that germanium has 
more metallic properties than silicon, Sĩ (number 14), and ¡s a slightly bet- 
ter conductor of electricity. So we fnd that integrated circuits fabricated 
with germanium operate faster than those fabricated with silicon. Because 
silicon 1s mụch more abundant and Ìless expensive to obtain, however, siÏi- 
con computer chips remain the industry standard. 


A Period ls a Hortzontal Row, a Group a Vertical Column 


tà ˆ . { . * 

1wo other important ways in which the elements are organized ¡n the 
perlodic table are by horizontal rows and vertical columns. Each hori- 
zontal row 1s called a period, and cach vertical column is called a group 
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Across any period, the propertles o£ elements gradually change. This 


gradual change ¡s called a periodic trend. As ¡s shown ¡in Figure 2. 


27, one 


periodic trend ¡s that atomic size tends to decrease as you move from left to 


ripht across any period. Note that the trend repeats from one horizo 


ntaÏ row 


to the next. This phenomenon of repeating trends ¡s called ø/77ø7c7#, a term 


used to indicate that the trends recur in cycles. Each hor1zontal row 


1s called 


a ø£r/øođ because it corresponds to one full cycle of a trend. As we explore in 
further detail in Section 5.8, there are many other properties of elements 
that change gradually in moving from left to right across the periodic table. 
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n5 


Figure 2.26 

The 7 periods (horizontal rows) and 18 
groups (vertical columns) of the peri- 
odic table. Note that not all periods 
contain the same number of elements. 
Also note that, for reasons explained 
later, the sixth and seventh periods 
each include a subset of elements, 
which are listed apart from the main 
body. 


Figure 2.27 

The size of atoms gradually decreases 
in moving from left to right across any 
period. Atomic size is a periodic (repeat- 
ing) property. 
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Figure 2.29 
Ashes and water make a slippery alka- 
line solution once used to clean hands. 


Concept Check v 


Which are larger: atoms of cesium, Cs (number 55), or atoms of radon, 
Rn (number 86)? 


Was this Yy0uF anSW€F? Perhaps you tried looking to Figure 2.27 to answer this question and 
quickly became frustrated because the sixth-period elements are not shown. Well, relax. Look at the 
trends and you'll see that,in any one period,all atoms to the left are larger than those to the right. Accord- 
ingly, cesium is positioned at the far left of period 6, and so you can reasonably predict that its atoms are 
larger than those of radon, which is positioned at the far right of period 6.The periodic table is a road map 
to understanding the elements. 


13 14 15 16 


Figure 2.28 
The common names for various groups of elements. 


Down any group (vertical column), the properties of elemenrs tend to 
be remarkably similar, which ¡s why these elements are said to be “grouped” 
or “in a family.” As Eigure 2.28 shows, several groups have traditional names 
that describe the properties of their elements. Early in human history, peo- 
ple discovered that ashes mixed with water produce a slippery solution use- 
ful for removing grease. By the Middle Ages, such mixtures were described 
as being 2/#22jzz¿, a term derived from the Arabic word for ashes, 2-2”. 
Alkaline mixtures found many uses, particularly in the preparation oỂ soaps 
(Figure 2.29). We now know that alkaline ashes contain compounds of 
group l elements, most notably potassium carbonate, also known as 20/5/. 
Because of this history, group l elements, which are metals, are called the 
alkali metals. 

Elements of group 2 also form alkaline solutions when mixed with water. 
Furthermore, medieval alchemists noted that certain minerals (which we now 
know are made up o£ øroup 2 elements) do not melt or change when put in 
fire. These fire-resistant substances were known to the alchemists as “earth.” 
As a holdover from these anclent times, pgroup 2 elements are known as the 
alkaline-earth metals. 

Over toward the right side of the periodic table elements of group l6 
are known as the eØZ/eøgøs (“ore-forming” in Greek) because the top two 
elements of this group, oxygen and sulfur, are so commonly found in ores. 
Elements of group 17 are known as the halogens (“salt-forming” in Greek) 
because of their tendency to form various salts. Interestingly, a smaill 
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amount of the halogen iodine or the halogen bromine inside a lamp allows 
the lampS tungsten filament to glow more brightly without burning out so 
quickÌy. Such lamps are commonly referred to as halogen lamps. Group 18 
elements are all unreactive gases that tend not to combine with other ele- 
ments. For this reason, they are called the noble gases, presumably because 
the nobility of earlier times were above interacting with common folk. 

The elements of groups 3 through 12 are all metals that do not form 
alkaline solutions with water. These metals tend to be harder than the alkali 
metals and Ìess reactive with water; hence they are used for structural pur- 
poses. Collectively they are known as the transition metals, a name that 
denotes their central position in the periodic table. The transition metals 
Include some of the most familiar and important elements—iron, Fe; cop- 
per, Cu; nickel, Ni; chromium, C†; silver, Ag; and gold, Au. They also 
include many lesser-known elements that are nonetheless important in 
modern technology. Persons with hip implants appreciate the transition 
metals titanium, T1; molybdenum, Mo; and manganese, Mn, because these 
noncorrosive metals are used in implant devices. 


Concept Check v 


The elements copper, Cu; silver, Ag; and gold, Au, are three of the few 
metals that can be found naturally in their elemental state. These three 
metals have found great use as currency and jewelry for a number of rea- 
sons, including their resistance to corrosion and their remarkable colors. 
How is the fact that these metals have similar properties reflected in the 
periodic table? 


; À 
Was this Y0uf answer? Copper (number 29), silver (number 47), and gold (number 79) are all in 
the same group in the periodic table (group 11), which suggests they should have similar—though not 
identical—physical and chemical properties. 


In the sixth period is a subset of 14 metallic elements (numbers 58 to 
71) that are quite unlike any of the other transition metals. Á similar sub- 
set (numbers 90 to 103) ¡s found ¡n the seventh period. These two subsets 
are the inner transition metals. [nserting the inner transition metals Into 
the main body of the periodic table as in Figure 2.30 results in a long and 
cumbersome table. So that the table can ft nicely on a standard paper sIze, 
these elements are commonly placed below the main body of the table, as 
shown in Eipure 2.3]. 


Inner transiti 


on metals 


;apri3R 


———— 


Figure 2.30 

Inserting the inner transition metals 
between atomic groups 3 and 4 results 
in a periodic table that is not easy to fit 
on a standard sheet of paper. 
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Figure 2.31 

The typical display of the inner transi- 
tion metals. The count of elements in 
the sixth period goes from lanthanum 
(La, 57) to cerium (Ce, 58) on through 
to lutetium (Lu, 71) and then back to 
hafnium (Hf, 72). A similar jump is 
made in the seventh period. 
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Actinides 


The sixth-period inner transition metals are called the lanthanides 
because they fall after lanthanum, La. Because of their similar physical and 
chemical properties, they tend to occur mixed together ¡in the same loca- 
tions in the Earth. Also because of their similarities, lanthanides are unusu- 
ally difficult to purify. Recently, the commercial use of lanthanides has 
increased. Several lanthanide elements, for example, are used ¡in the fabri- 
cation of the light-emitting diodes (LEDs) of laptop computer monItors. 

The seventh-period inner transition metals are called the actinides 
because they fall after actinium, Ác. They, too, all have similar properties 
and hence are not easily purifed. The nuclear power industry faces this 
obstacle because it requires purifed samples of two of the most publicized 
actinides: uranium, U, and plutonium, Pu. Actinides heavier than uranium 
are not found in nature but are synthesized ¡n the laboratory. 


In Perspective 


In this chapter we explored many of the rudiments of chemistry, including 
how matter is described by irts physical and chemical propertiles and 
denoted by elemental and chemical formulas. Ñc saw how compounds are 
different from the elemenrs from which they are formed and how mixtures 
can be separated by taking advantage of differences in the physical proper- 
ties of the components. Also addressed was what a chemist means by 2 
and how matter can be classified as element, compound, or mixture. LastÌy, 
we saw how elements are organized In the periodic table by their physical 
and chemical properties. Along the way, you were introduced to some o£ 
the most important key terms of chemistry. With an understanding of these 
fundamental concepts and of the language used to describe them, you are 
well equipped to continue your study of natures submicroscopic realm. 


Key Terms and Matching Definitions 


actinide 


_——_ alkali metal 


alkaline-earth metal 
atomic symbol 
chemical change 
chemical formula 
chemical property 
chemical reaction 
compound 

element 

elemental formula 


ðTOUD 


halogen 


heteropeneous mixture 
homogeneous mixture 
Impure 

Inner transition metal 

lanthanide 

metal 


metalloid 


<A^\¬ 


mixture 
noble gas 
nonmetal 


period 


periodic table 
pertodic trend 
physical change 


physical property 


pU€ 
solution 
suspension 
transition metal 


._Any physical attribute ofa substance, such as 


color, density, or hardness. 


.A change in which a substance changes Its 


physical properties without changing ¡ts chemi- 
cal identity. 
A type of property that characterizes the ability of 


a substance to change Into a different substance. 


.- During thís kind of change, atoms in a sub- 


stance are rearranged to give ạ new substance 
having a new chemical identity. 


. Synonymous with chemical change. 
._Á fundamental material consisting of onÌy one 


type of atom. 


10. 


lÚII 


T2 


li. 


14. 


lội 
16. 


li 


lo: 
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A chart in which all known elements are orga- 
nized by physical and chemical properties. 

An abbreviation for an element or atom. 

A notation that uses the atomic symbol and 
(sometimes) a numerical subscript to denote 
how atoms are bonded In an element. 

A material in which atoms of different elements 
are bonded to one another. 

A notation used to indicate the composition of 
a compound, consisting of the atomic symbols 
for the diferent elements of the compound and 
numerical subscripts Indicating the ratio in 
which the atoms combine. 

A combination o£ two or more substances In 
which each substance retains Its DrOpeTties. 
The state oFa material that consists of a single 
element or compound. 

The state oFa material that is a mixture of more 
than one element or compound. 

A mixture in which the varlous components 
can be seen as individual substances. 

A mixture in which the components are so 
ñnely mixed that the composition ¡s the same 
throughout. 

A homogeneous mixture ¡in which alÏ compo- 
nents are in the same phase. 

A homogeneous mixture in which the various 
components are ¡n different phases. 

An element that ¡s shiny, opaque, and able to 
conduct electricity and heat. 

An element located toward the upper right of 
the periodic table that 1s neither a metal nor a 
metalloid. 

An element that exhibits some properties of 
metals and some properties of nonmetals. 

A horizontal row In the periodic table. 

A vertical column ¡in the periodic table, also 
known as a family of elements. 

The gradual change of any property ¡n the ele- 
ments across a perlod. 

Any group l element. 

Any group 2 eÌlement. 

Any “salt-forming” element. 

Any unreactive element. 

Any element of proups 3 through 12. 

Any element in the two subgroups of the tran- 
siton metals. 

Any sixth-period inner transition metal. 

Any seventh-period inner transition metal. 
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Review Questions 
Matter Has Physical and Chemical Properties 
1. What ¡s a physical property? 
2. What is a chemical property? 
3. What doesnt change during a physical change? 
4 


.- Wlhy is ít sometimes difficult to decide whether 
an observed change ¡s physical or chemical? 


5. Nhat are some of the clues that help us deter- 
mine whether an observed change ¡s physicaÌ or 
chemical? 


Atoms Are the Fundamental Components of Elements 


6. How many types of atoms can you expect to 
fñnd in a pure sample of any element? 


7. Distinguish between an atom and an element. 


8. How many atoms are in a sulfur molecule that 
has the elemental formula Sa? 


Elements Can Combine to Form Compounds 


9, Nhat ¡s the difference between an element and 
a compound? 


10. How many atoms are there in one molecule of 
H;PO¿? How many atoms of each element are 
there in one molecule of HzPOx 


11. Are the physical and chemical properties of a 
compound necessarily similar to those of the 
elements from which it is composed? 


12. What ¡s the [UPAC systematic name for the 
compound KE 


13. What is the chemical formula for the com- 
pound tiranium dioxide? 


lá. Why are common names often used for 
chemical compounds Instead of systematic 
names? 


Most Materials Are Mixtures 
15. What deRnes a material as being a mixture? 


16. How can the components ofa mixture be sepa- 
rated from one another? 


17. How does distillation separate the components 
Of a mixture? 


18. Oxygen, Ô¿, has a boiling point of 90 K 
(—183°C), and nitrogen, Nạ, has a boiling 
point o£77 K (—196°©). Whích ¡s a liquid 
and which ¡s a gas at 80 K (—193”°C)? 


Chemists Classify Matter as Pure or lmpure 


19. Why is ¡t not practical to have a macroscopIc 
sample that ¡s 100 percent purce? 


20. Classify the following as (a) homogeneous mix- 
ture, (b) heterogeneous mixture, (c) element, 


or (d)compound:, Z_ *;⁄“ 

milk làn ï _ steel _Ô _- 

OCean water _= blood _Í5 _ 
sodiunm N.óoc planet Earth W§. 


21. How is a solution different from a suspension? 


22. How can a solution be distinguished from a 
suspension? 


Elements Are Organized in the 
Periodic Table by Thetr Properties 


23. How ¡s the periodic table more than Just a Íist- 
¡ng of the known elements? 


24. Are most elements metallic or nonmetallic? 


25. Why ¡s hydrogen, H, most often considered a 
nonmetallic element? 


26. How do the physical propertles of nonmetals 
difer from the physical properties of metals? 


27. Where are metalloids located in the periodic 
table? 


28. How many periods are there in the periodic 
table? How many groups? 


29. What happens to the properties of elements 
across any perlod of the periodic table? 


30. Why are group I elemenrs called alkali metals? 
31. Why are group 17 elements called halogens? 


32. Which group of elements are alÏ gases at room 
temperature? 


33. Why are the inner transition metals not listed 
In the main body of the periodic table) 


34. Why is ¡t dificult to purify an inner transition 
metal? 


Hands-On Chemistry Insights 


Fire Water 


As you can see in Fipure 2.4, the two primary prod- 
ucts when natural gas burns are carbon dioxide and 
water. Because of the heat generated by the burning, 
the water is released as water vapor. When it comes 
into contact with the relatively cool sides of the pot, 
this water vapor condenses to the liquid phase and ¡s 
seen as “sweat.” If the pot contained ¡ce water, more 
vapor would condense, enouph to form drops that roll 
off the bottom edge. As the pot gets warmer, this liq- 
uid water is heated and returns to the gaseous phasc. 

The only chemical change ¡s the conversion of 
natural gas to carbon dioxide and water vapor. Lhere 
are two physical changes—condensation of the water 
vapor created in the methane combustion and evap- 
oration of this water once the pot gets sufficiently 
hot. (Of course, the evaporation of the water in the 
pot is another physical change.) 


Oxygen Bubble Bursts 


Hydrogen peroxide, HO;, ¡s a relatively unstable 
compound. In solutdon with water, it slowly decom- 
poses, producing oxygen gas. In describing oxygen§ 
physical properties, you should have noted that ít Is 
an invisible gas having no odor detectable over that of 
the yeast. Oxygen ¡s lipht enouph to rise out of the 
glass once ¡t ¡s released from the bubbles. What ¡s 
your evidence of this? A chemical property of oxygen 
1s that ¡t Intensifies burning. 


Bottoms Up and Bubbles Out 


It would be humorous to scrape the residue from 
your boiled-down drinking water into sealable con- 
tainers labeled as drinking water from your particular 
region, sụch as “Rocky Mountain Drinking Water.” 
Think of the potential market. You could ship these 
containers to customers around the world, and 
because the containers are not weighted down with 
water, shipping costs would be very low. Of course, 
cach bottle would have to come with the instructlon 
“Just add disulled water.” Would you or would you 


End of Chapter Review and Exercises 65 


not want to push ít by adding the word £ to your 
label? With your classmates, discuss the science and 
ethics of such a venture. 

As we explore in Chapter 7, gases do not dissolve 
well in hot liquids. Air that ¡s dissolved in room- 
temperature water, for example, will bubble out 
when the water is heated. Thus you can specd up 
step 3 by using warm water. 

For further experimentation, perform step 3 In 
two pots side bỳ side. Ïn one pot, use warm water 
from the kitchen faucet. Ín the second pot, use boiled 
water that has cooled down to the same temperaturc. 
Yoưll ñnd that boiling ¿2z the water, that 1s, 
removes the atmospheric gases. Chemists sometimes 
need to use deaerated water, which ¡s made by allow- 
Ing boiled water to cool in a sealed container. hy 
dont ñsh live very long in deaerated water? 


ExerCISes 


1. Each nipht you measure your heipht just before 
going to bed. When you arise each morning, you 
measure your heipht again and consistently fñnd 
that you are 1 inch taller than you were the nipht 
before but only as talÏ as you were 24 hours ago! 
Is what happens to your body in this Instance 
best described as a physical change or a chemical 
change? Be sure to try this activity If you havent 
already. 


2. Classify the following changes as physical or 
chemical. Even If you are incorrect In your 
assessment, you should be able to defend why 
you chose as you did. 

. ĐT4DP€ JUIC€ turns to wine 

. wood burns to ashes 

._water begins to boil 

. 4 broken leg mends irself 

. ØTA§S ĐIOWS 

an infant gains 10 pounds 
, a rock is crushed to powder 


l9lSÌ am] g} {el gi c HO 


3. Is the following transÍformation representative of 
a physical change or a chemical change? 


Ö# 
FT) 


`` 
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Each sphere in the diaprams below represents 
an atom. Joined spheres represent molecules. 
Which box contains a liquid phase? Why can 
you not assume that box B represents a lower 
temperature? 


Based on the information given in the following 
diagrams, which substance has the lower boiling 


point, Ở@ or @®? 


A B 


.- What physical and chemical changes occur 


when a wax candle burns? 


. NWVh¡ch elements are some of the oldest known? 


Nhat 1s your evidence? 


. Ôxygen atoms are used to make water mole- 


cules. Does this mean that oxygen, Ô©›, and 
water, HO, have similar properties? Why 
do we drown when we breathe In water 
despite all the oxygen atoms present In this 
material? 


. Á sample of water that ¡s 99.9999 percent pure 


contains 0.0001 percent impurities. Consider 
from Chapter l that a gÌass of water contains 
on the order ofa trillion trillion (1 X 1029) 
molecules. [f 0.0001 percent of these molecules 
were the molecules of some Impurity, about 
how many Impurity molecules would this be? 
a. 1000 (one thousand: I X 103) 
b. 1,000,000 (one million: 1 < 10) 
c. 1,000,000,000 (one billion: 1 X 107) 
d._1,000,000,000,000,000,000 (one million 
trilion: I1 X 1018) (One million trillion ¡s 
the same as one quintillion.) 


How does your answer make you feel about 
drinking water that is 99.9999 percent free of 


10. 


bộ 


16. 


some poison, such as a pesticide? (See Appendix 
A for a discussion of scientifc notation.) 


Read carcfully. Twice as much as one million triÌ- 
lion is two million trilllon. One thousand times as 
much ¡s 1000 million trillion. One million times 
as much ¡s 1,000,000 million trillion, whích ¡s the 
same as one trillion trillion. Thus, one trillion tril- 
lion is one million times greater than a million 
trillion. Got that? So how many more water mol- 
ecules than impurity molecules are there In a gÌass 
of water that ¡s 99.9999 percent purc? 


. Someone argues that he or she doesnt drink tap 


water because it contains thousands of mole- 
cules of some impurity in cach glass. How 
would you respond ¡in defense of the waterS 
purity, ¡f ít indeed does contain thousands of 
molecules of some impurity per glass? 


. Explain what chicken noodle soup and garden 


soil have in common without using the phrase 
b€fCY00€71€01/3 111XEMf(. 


. Classify the following as element, compound, 


or mixture, and Justify your classiications: £ablc. 
sak, statrless-steel, T4P-water, table-sugar, vamlla,_ 
extraet, butrer, mapÌe syrup, 4Ìumrmem, +e, 
Tmủk, cherry-Ravored cough-drops. 


. lfyou eat metallic sodium or inhale chÌorine gas, 


you stand a strong chancc of dying. Let these 
two elements react with cach other, however, and 
you can safeÌy sprinkle the compound on your 
popcorn for better taste. What ¡s going on? 


WWhich of the following boxes contains an 
element? A compound? A mixture? How many 
different types of molecules are shown alÌto- 
gether in all three boxes? 


Common names of chemical compounds are 
generally much shorter than the corresponding 
systematic names. lhe systematic names for 
water, ammonia, and methane, for example, 
are dihydrogen monoxide, HạO; trihydrogen 
nitride, NHạ; and tetrahydrogen carbide, CH¡,. 


PÀ 0) 


ZÌ 


222 


5i 


24. 


cội 


26. 


2, 


Sáo, 


For these compounds, which would you rather 
uS€: COmmon names or systematic names? 


Which do you find more descriptive? 


. What ¡s the difference between a compound 


and a mixture? 


- How might you separate a mixture of sand and 


salt? How about a mixture of iron and sand? 


- Mixtures can be separated into their compo- 


nents by taking advantage of differences in the 
chemical properties of the components. Why 
might this separation method be less convenient 
than taking advantage of differences ¡n the 
physical properties of the components? 


Why cant the elements of a compound be sepa- 
rated from one another by physical means? 


Germanium, Ge (number 32), computer chIps 
operate faster than silicon, Sĩ (number l4), com- 
puter chips. So how mipht a gallium, Ga (num- 
ber 31), chịp compare with a germanium chip? 


Is the air in your house a homogeneous or het- 
erogeneous mixture? hat evidence have you 
seen? 


Helium, He, ís a nonmetallic gas and the sec- 
ond element ¡n the periodic table. Rather than 
being placed adjacent to hydrogen, H, however, 
helium ¡s placed on the far right of the table. 
Why? 


Name ten celements you have access to macro- 
scopic samples of as a consumer here on the 


Earth. 


Strontium, Sr (number 38), ¡s especially danger- 
ous to humans because ¡t tends to accumulate 
in calcium-dependent bone marrow tissues 
(calcium, Ca, number 20). How does this fact 
relate to what you know about the organ1zation 
of the periodic table? 


With the periodic table as your guide, describe 
the element selenium, Se (number 34), using as 
many of this chapters key terms as you can. 


Many dry cereals are fortiñed-with iron, which 
¡s added to the cereal in the form of small iron 
particles. How might these particles be sepa- 
rated from the cereal? 


Why ís halffrozen fruit punch aÌways sweeter 
than the same fruit punch completely melted? 
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Exploring Further 


1be CÑ Handbook 0ƒ Chemistry and Pjhysics Boca 
Eiton, F1; (C.RC, Press, 1996. 
Toward the front of this cÏassic reference book, 
you ll ñnd a section on the history and general 
propertles of cach element. 


http://www.chemsoc.org 
Chemistry news updates, an on-Ìine chemistry 
magazine, and much more at this site run by 
the Royal Society of Chemistry. 


http://www.chemsoc.org/viselements/pages/periodic_ 
table.html 
The Visual Elements project of the Royal 
Society of Chemistry, providing animations of 
almost all the elements. A high-speed Internet 
connecction ¡s required. 


http://www.csc.fi/Iul/chem/graphics.html 
A virtual art gallery of molecular animations 
and other cool things, maintained by Finlands 
Center for Scientific Computing. 


http://www.gsi.de 
Web site for the heavy-ion research facility 
in Darmstadt, Germany, where many of the 
heaviest but shortest-lived elements are being 
created. 


http://newton.dep.anl.gov 
The Division of Educational Programs of the 
Argonne Nauonal Laboratory presents the 
Newrton Bulletin Board Service, which features 
“Ask a Scientist.” Explore the chemistry archives 
for the answers to more than 1500 student 
questions compiled since 1991. 


http://www.shef.ac.uk/~chem/web-elements 
There are a largee number of periodic tables 
posted on the Web, and this is one of the most 
popular ones. 


® the ñ 
t#@hemistry 
place 


Elements of Chemistry 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 
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Where We ve Been and What We Know Now 


The origin of most atoms goes back to the birth of the universe. Hydrogen, H, 
the lightest atom, was probably the original atom, and hydrogen atoms make 
up more than 90 percent of the atoms in the known universe. Heavier atoms 
are produced in stars, which are massive collections of hydrogen atoms 
pulled together by gravitational forces. The great pressures deep in a stars 
interior cause hydrogen atoms to fuse to heavier atoms. With the exception 
of hydrogen, therefore, all the atoms that occur naturally on the Earth— 
including those in your body—are the products of stars. A tỉny fraction ofÍ 
these atoms came from our own star, the sun, but most are from stars that ran 
their course long before our solar system came into being. You are made of 
stardust, as is everything that surrounds you. 

So most atoms are ancient. They have existed through imponderable ages, 
recycling through the universe in innumerable forms, both nonliving and liv- 
iig. In this sense, you dorft “own” the atoms that make up your body——you 
are simply their present caretaker. There will be many caretakers to follow. 

Atoms are so small that there are more than 10 billion trillion of them in 
each breath you exhale. This is more than the number of breaths in the 
Earths atmosphere. Within a few years, the atoms of your breath are uni- 
formly mixed throughout the atmosphere. What this means is that anyone 
anywhere on the Earth inhaling a breath of air takes in numerous atoms 
that were once part of. you. And, of course, the reverse is true: you inhale 
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EARTH 
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%, WATER 


Figure 3.1 

Aristotle thought that all materials 
were made of various proportions of 
four fundamental qualities: hot, dry, 
cold, and moist. Various combinations 
of these qualities gave rise to the four 
basic elements: hot and dry gave fire, 
moist and cold gave water, hot and 
moist gave air, and dry and cold gave 
earth. A hard substance like rock con- 
tained mostly the dry quality, for 
example, and a soft substance like clay 
contained mostly the moist quality. 


atoms that were once part of everyone who has ever lived. We are literally 
breathing one another. 

In this chapter, we trace the history of the discovery of the atom, which is per- 
haps the most important discovery humans have ever made. We also look at how 
researchers discovered that atoms are made of even smaller units of matter known 
as subatomic particles. Along the way, you will see how progress in science 
depends not only on keen observations and interpretations but also on an open- 
mindedness so frequently found in each new generation of investigators. 


5.1 Chemistry Developed Out 
of Our Interest in Materlals 


WWe humans have long tinkered with the materials around us and used them 
to our advantage. Once we learned how to control fire, we were able to cre- 
ate many new substances. Moldable wet clay, for example, was found to 
harden to ceramic when heated by fire. By 5000 B.C., pottery fire pIts gave 
way to furnaces hot enough to convert copper ores to metallic copper. By 
1200 B.C., even hotter furnaces were converting iron ores to iron. Thiịs 
technology allowed for the mass production of metal tools and weapons 
and made possible the many achievements of anclent Chinese, Egyptian, 
and Greek civilizatlons. 

In the fourth century B.C., the infuential Greek philosopher Aristotle 
(384-322 B.C.) described the composition and behavior of matter In terms 
of the four qualities shown ¡n Eigure 3.1: hot, cold, moist, and dry. 
Although we know today that Aristotles model is wrong, ít was nonethe- 
less a remarkable achievement for ¡ts day, and people using ¡it in Aristotles 
time found ít made sense. When pottery was made, for example, wet clay 
was converted to ceramic because the heat of the fñire drove out the moist 
quality of the wet clay and replaced ¡t with the dry quality of the ceramic. 
Likewise, warm air caused ice to melt by replacing the dry quality charac- 
teristic of ice with the moist quality characteristic Of water. 

Aristotles views on the nature of matter made so much sense to peo- 
ple that less obvious views were difficult to accept. One alternative view 
was the Íorerunner of our present-day model: matter is composed of a 
finite number of incredibly small but discrete units we calÏ atoms. This 
model was advanced by several Greek philosophers, including Democri- 
tus (460-370 B.C.), who coined the term 4/2 from the Greek phrase 4 
£øzos, which means “not cut” or “that which ts Indivisible.” According to 
the atomic model of Democritus, the texture, mass, and color of a mate- 
rial were a function of the texture, mass, and color of its atoms, as ilÏus- 
trated in Figure 3.2. So compelling was Aristotles reputation, however, 
that the atomic model would not reappear for 2000 years. 

According to Aristotle, it was theoretically possible to transform any sub- 
stance to another substance simpÌy by aÌtering the relative proportions of the 
four basic qualities. Phis meant that, under the proper conditions, a metal 
like lead could be transformed to gold. This concept laid the foundation of 
alchemy, a fñield of study concerned primarily with ñnding potlons that 
would produce gold or confer immortality. Alchemists from the time of Aris- 
totle to as late as the 1600s tried in vain to convert various metals to gold. 
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Despite the futility of their eforts, the alchemists learned much about 
the behavior of many chemicals, and many useful laboratory techniques 


were developed. : = "` 


5.2. Lavoisler Laid the Foundation of Modern Chemistry 


In the 1400s, the printing press was invented in Europe, and an explosion 
ofinformation, including scientific information, followed. Evidence against 
Aristotles model of matter began to accumulate. Ín 1661, a well-known 
English experimentalist, Robert Boyle (1627-1691), departed from Aiis- 
totelian thought by proposing that a substance was not an element IÍ It Was 
made oftwo or more components. He published these and related thoughts 
in a text entitled 7e ŠS#eøz/c2J C#yzzs£, which had a significant Impact on 
future generations of chemical thinkers. 

About a century after Boyle, huge steps toward our present understand- 
¡ng of elements and compounds were taken by the French chemist Ântoine 
Lavoisier (1743-1794). Embracing Boyles views, Lavoisier accepted the 
idea ofan ¿/zzz¿øzz as any material made of only one component. Taking this 
model a step further, as shown ¡n Figure 3.3, he identiRled a c02ø⁄2 as 
any material composed of two or more elements. Âs you may recall from 
Chapter 2, these defnitions are in line with our present understanding. 
Hydrogen, for example, ¡s an element because it is made of only hydrogen 
atoms, and water ¡s a compound because ¡t is made of atoms oÊ the ele- 
ménts hydrogen and oxygen. 


Ù t 
Substance C II =n" (element) 
(compound——made of 
more than one element) K===“> EUWSEPce 6 


(element) 


Figure 3.3 

F-: of Lavoisiers notion of elements and compounds. Substances A and B cannot 
be broken down to smaller components and so are classified as elements. These two elements 
can react together to form the more complex substance C, which is classified as a compound 
because it is made of more than one element. 


Figure 3.2 

In his atomic model, Democritus imag- 
ined that atoms of iron were shaped 
like coils, making iron rigid, strong, and 
malleable, and that atoms of fire were 
sharp, lightweight, and yellow. 
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Antoine Lavoisier, shown here with his 
wife, Marie-Anne, who assisted him in 
many of his experiments, was a con- 
cerned citizen as well as a first-rate sci- 
entist. He established free schools, 
advocated the use of fire hydrants, and 
designed street lamps to make travel 
through urban neighborhoods safer at 
night. To helÌp finance his scientific 
projects, Lavoisier took part-time 
employment as a tax collector. Because 
of this employment, he was beheaded 
in 1794 during the French Revolution. 
Soon after his execution, however, the 
French government was erecting stat- 
ues in his honor. 


The signifcance of Lavoisiers defnitions is that they required experi- 
mentation. This was counter to the old ways of the Greek philosophers, 
who formulated their ideas based on logic and reason. Because he focused 
on the results of laboratory research, Lavoisier was a key player ¡n the devel- 
opment of modern chemistry. To many, he is known as the “father of mod- 
ern chemistry. ` 


Mass ls Conserved in a Chemical Reaction 


In the important experiment illustrated in Figure 3.4, Lavoisier carefully 
measured the mass of a sealed glass vessel that contained tin. When he 
heated the vessel, a chemical reaction occurred and the tin turned to a white 
powder. Lavoisier again measured the vessels mass and found ít had not 
changed. From the results of his experiments and the results of similar 
cxperiments performed by other investigators, Lavoisier hypothesized that 
mass is always conserved during a chemical reaction, where eø2szøeZin this 
context means that the amount of the mass does not change—the number 
OỂ grams of mass present after the reaction ¡s the same as the number of 
grams present before the reaction. This hypothesis is now considered to be 
a scientifc law, which ¡s any scientific hypothesis that has been tested over 
and over again and has not been contradicted. (A scientiic law ¡s sometimes 
referred to as a sc///2///c pr/2c/p/e.) Formally, the law of mass conservation 
states the following: 


There is no detectable change in the total mass of materials when they 
react chemically to form new materials. 


The law of mass conservation remains one of the most important laws 
in chemistry today. Ít is easy to see, however, why it took earlier investiga- 
tors so long to formulate this law. After all, when wood burns, the mass of 
the ashes ¡is always less than the mass of the oripinal wood. Also, it was 
known that some substances, such as hardening cement, tend to gain mass 
as they undergo chemical change. What early Investipators failed to recog- 
nize, however, ¡s the role øases play in many chemical reactions. hen 


Sunlight used to speed up 
the reaction of the tin 


Tin in a sealed 
glass vessel 


White powder in 
a sealed glass vessel 


Figure 3.4 

Lavoisier measured the mass of a sealed glass vessel containing tin and the mass of the same 
vessel containing a white powder left after the tin underwent a chemical reaction. He found the 
mass to be the same before and after the reaction. 
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wood burns, gaseous carbon dioxide and water vapor are released. The 
ashes have Ìess mass because they are only one of the products of the reac- 
tion. Cement gains mass as it absorbs atmospheric carbon dioxide. 

Lavoisier was exceedinely careful in attending to details. In recognizing 
the role that gases mipht play, he knew the importance of sealing his appa- 
ratus before performing a chemical reaction. 


Concept Check v 


Had Lavoisier been a follower of ancient Greek philosophy, what might 
have prevented him from discovering the law of mass conservation? 


Was this your answer? Using only logic and reason, it is difficult to conclude that mass is con- 
served in a chemical reaction. In most reactions, the total amount of mass appears to change because 
some of the products of the reaction are invisible atmmospheric gases. Thus the law of mass conservation 
would have likely escaped Lavoisier's notice had he relied on the “ommon sense” logic and reason used 
by Greek philosophers rather than on precise measurements and experimentation. 


WWhen Lavoisier opened the sealed vessel in which the white powder 
had formed, he observed that air rushed in. He hypothesized that, as 1t 
formed the white powder, the tin absorbed either the air inside the vessel or 
perhaps only some component of the air. To fnd out what percentage of 
the air had reacted with the tin, he performed the same experiment using 
the arrangement shown in Figure 3.5. When the tin was done reacting, the 
water level in the jar had risen to about one-fifth of the total volume of the 
jar. Lavoisier realized that the only possible explanation was that alr origi- 
nally in the jar (which kept water out before the reaction began) had some- 
how been consumed in the chemical reaction with the tin. Because water 
replaced about 20 percent of the original volume o£air, he reasoned that air 
¡sa mixture ofat least two øaseous materials. Qne gas, making up about 20 
percent of the air, disappeared from its gaseous phase by combining with 
the tin. The second gas, making up the other 80 percent, must have 
remained in the gaseous phase because it did not combine with the metal. 

Soon after Lavoisier completed these experiments, he learned that an 
English chemist, Joseph Priestley (1733-1804), had prepared and Isolated a 


": là Difference 
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Initial level 

water \⁄ 
level 


Glass jar: 


(1 Lavoisier placed a piece __ @)Focused sunlight caused (3)When the reaction was 
of tin on a block of wood the tin to react and the complete, there was 
floating in water and water level in the jar to 20 percent less air in 
covered it with a glass jar. rise. the Jar. 

Figure 3.5 


Lavoisier directed sunlight at tin floating on a block of wood in a glass jar inverted over water. 
As the tin reacted to form a powder, the water level in the jar rose, indicating that some of the 
air originally in the jar had taken part in the reaction. 


F¿=) 
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Joseph Priestley was a self-trained sci- 
entist. He was the first to recognize the 
nature of carbonated beverages and 
began the study of photosynthesis 
with his discovery that plants absorb 
carbon dioxide when exposed to sun- 
light. A radical in many of his political 
views, Priestley was regarded with 
much suspicion, especially after he 
publicly sympathized with the French 
Revolution. After he was harassed and 
a mob had burned his home and 
library, he took the advice of his good 
friend Benjamin Franklin and moved to 
America, where he spent the last few 
years of his life in self-imposed exile. 


Hands-On Chemistry: Air Out 


You can witness the involvement of a gas in a reaction by performing an 
experiment similar to the ones Lavoisier performed with tin. 


What You Need 


Nonsoapy steel-wool pad; narrow, straight-sided jar, such as an olive jar; 
wide-mouth jar (or shallow cooking pot); water; vinegar or salt water 


Procedure 


CÙ Follow the setup shown in the photograph. Stuff the steel-wool pad 
into the bottom of the narrow jar, A pad that doesrft fit through the 
jar opening can be cut into strips with scissors. To promote rusting of 
the steel wool, add about a capful of either vinegar or salt water. Pour 
water into the wide-mouth jar to a depth of about 2 inches. Then 
invert the narrow jar into the water. Place the lip of the inverted jar on 
a coin to prevent sealing with the bottom of the wide-mouth jar. 


Œ@) Note the water level inside the inverted jar. 


() Leave the setup alone until the steel wool, which is primarily iron, 
begins to look rusty (a couple of hours should do it). 


What has happened to the water level in the inverted jar? Why? 


gas that had remarkable properties. This gas caused candÏles to burn more 
brightly and charcoal to burn hotter. Lavoisier found that this gas couldnt 
be broken down to simpler substances and so recognized it to be an element. 
Because the gas produced acidic soludons when bubbled through water, 
Lavoisier gave it the name øxye¿z, which means “acid former.” He found that 
oxyeen was the reacting component of the air in his tin experiments. 

See Figure 3.6 for a description of how Priestley first prepared and iso- 
lated oxygen. 


Water moves out of 
the glass as oxygen 
Œ) Mercuric oxide, Œ@) Mercury, gas moves in. 

HgO Hg 


Figure 3.6 

Priestley collected oxygen gas by heating the highly toxic metallic compound known today as 
mercuric oxide, HgO. When heated, mercuric oxide decomposes to liquid mercury and oxygen 
gas. Priestley collected the oxygen gas in an apparatus similar to the one illustrated here. As the 
gas is formed, it displaces water in the submerged inverted glass. 


3.2. Lavoisier Laid the Foundation of Modern Chemistry 


Hands-On Chemistry: Collecting Bubbles 


A common method of collecting a gas produced in a chemical reaction is by 
the displacement of water. In this activity, you will collect the carbon dioxide 
produced from the reaction between baking soda and vinegar. 


What You Need 


Large pot (or sink), water, small plastic soda bottle (the 20-ounce sỉze works 
nicely), film canister with lid, sharp knife, baking soda, vinegar, long wooden 
match, assistant 


Safety Note 


Wear safety glasses while using the knife and while the chemical reaction is 
taking place. 


Procedure 


CÙ Cut a hole no wider than a pencil in the lid of the film canister. Add a 
teaspoon of baking soda to the canister and leave it uncapped. 


@) Fill the large pot (or the sink) three-fourths full with water. Fill the soda 
_bottle with water, and with your hand over the opening, invert it into 
the water in the pot. Have your assistant hold the soda bottle upright 
in the pot with the mouth of the bottle not touching the pot bottom. 


(8) Pour a capful of vinegar into the film canister. As the bubbles begin to 
form, quickly cap the canister, placing your thumb over the hole in the 
lid to hold in as much gas as possible. Inmediately submerge the can- 
ister right side up directly below the mouth of the soda bottle. Release 
your thumb, and bubbles of carbon dioxide will rise and be captured 
in the bottle. 


To collect more carbon dioxide, drain the water from the film canister 
- and repeat the procedure while your assistant continues to hold the 
inverted bottle. 


(®) To examine the properties of the gas generated in the baking soda- 
vinegar reaction, seal your hand over the mouth of the inverted soda 
bottle, carefully place the bottle upright on a table, and then uncover 
the mouth. There may still be some water in the bottle, but the gas 
above the water is carbon dioxide, which stays in the bottle because it 
is heavier than air. Light the match and place the flame into the car- 
bon dioxide. Because there is no oxygen (there is only carbon dioxide), 
the flame ¡is quickly extinguished because carbon dioxide does not 
support burning the way oxygen does. 


Conceptual 


Chemistru 
c#zí 
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Leftover unreacted 


Proust Proposed the Law of Definite Proporfions 


In 1766, the English chemist Henry Cavendish (1731—1810) isolated a gas 
that could be ignited ¡n air to produce water and heat. Lavoisier was the 
frst to recognize this gas as an element, which he named hydrogen—a 
Greek word that means “water former.” Lavoisier was also the ñrst to rec- 
ognize that in forming water, the hydrogen was reacting with atmospheric 
oxygen. Thus, water must be a compound (not an element as Aristotle pro- 
fessed) made of the two elements hydrogen and oxygen. 

By the 1790s, the French chemist Joseph Proust 
(1754-1826) had noted that, in forming water, 
chemicals hydrogen and oxygen always react Im a particular 

T 


Figure 3.7 

(a) In forming water, oxygen and 
hydrogen always react in an 8:1 mass 
ratio. (b) When an excess of oxygen is 
present, the reaction still occurs in an 
8:1 ratio, with the excess oxygen—— 

2 grams in this case—remaining un- 
reacted. (c) When an excess of hydro- 
gen is present, the reaction still occurs 
in an 8:1 ratio, with the excess hydro- 
gen remaining unreacted. 


Oxygen + Hydrogen —> Water + Oxygen + Hydrogen 


29g 


¡ — mass rao. He found, for example, that 8 grams of 
oxygen reacts with 1 gram ofhydrogen (no more and 
no Ìess) to produce 9 grams oÊ water. Equivalently, 
32 grams of oxygen reacts with 4 grams of hydrogen 


(no more and no less) to produce 36 grams 0Ÿ water. 
In all cases, the ratio of oxygen mass to hydrogen 
mass is 8:1. Even ¡if oxygen and hydrogen are not 
mixed in an 8:1 ratio, they react as though they were. If 1Ô grams OÊ Oxy- 
gen, for example, is mixed with 1 gram of hydrogen, only 8 grams of oxy- 
gen reacts, leaving 2 grams of oxygen untouched. The result ¡s still 9 grams 
Of water, as Figure 3.7 shows. 

These and similar results with other chemical reactions, especially those 
involving metallic compounds, led Proust to propos€ the law of definite 
proportions: 


Elements combine in definite mass ratios to form compounds. 


Another example of the law of defnite proportions involves nitrogen 
and hydrogen, which react in a 14:3 mass ratio to form armmonia. Thịs 
means that l4 grams of nitrogen reacts with 3 grams of hydrogen to pro- 
duce 17 grams ofammonia. Accordingly, mixing l4 grams of nitrogen with 
14 grams of hydrogen also produces 17 grams of ammonia, not 2ổ grams. 
Somehow the 14 grams ofammonia “knows” to react with only 3 grams of 
hydrogen, despite the presence of l4 grams of hydrogen. Elow elements 
“knew” to react in particular mass ratios was a great mystery. The law of 
defnite proportions, however, turned out to be one of the greatest cÌues to 
the discovery of the atom. 


Concept Check v 


How many grams of water can be produced when 16 grams of oxygen is 
mixed with 2 grams of hydrogen? 


Was this YOU answer? Oxygen and hydrogen react in an 8:1 mass ratio to form water, but that 
doesr't mean you have to have exactly 8 grams of oxygen and exactly 1 gram of hydrogen in the reac- 
tion vessel.What this ratio means is that the mass of oxygen taking part in the reaction is always exactly 
eight times the mass of hydrogen taking part. Because here the oxygen mass—16 grams—is eight times 
the hydrogen mass-—2 grams—the 16 grams of oxygen reacts fully with the 2 grams of hydrogen to pro- 
duce 18 grams of water. Note that a 16:2 ratio is mathematically the same as an 8:1 ratio. 


for †he formo†ion of wo†er 0s: 


8 goxygen : l g hydrogen 


From this relationship, we can derive two conver- 
sion faCtOTS: 


1g hydrogen 
8 goxygen 


ổ 
E9) D\0 TT: 
I1 ghydrogen 


HÝ you are given a certain amount of one element 
and want to know how much of the other ele- 
ment ¡s needed for a complete reaction, you need 
only multiply by the appropriate conversion fac- 
tor to ñnd the answer. 


Example 

How much hydrogen ¡is needed in order for 64 
grams of oxygen to react completely ¡in the for- 
mation oÊ water? 
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Calculation Corner: Finding Out How Much of a Chemical Reacts 


When the defini†e proporfions for a given reac†ion are known, uni† conversion (see †he 
Colculafion Corner on page l2) con help you de†ermine †he omoun† of a chemicol †ha† 
†akes par† in †he reocfion. For ins†ance, we can express †he law of definite propor†ions 


ÂAnswer 


1g hydrogen 


64 ø oxygến X =8ghydrogen 
8 g oxygen 
† † † 
Quantity Conversion Quantity 
of oxygen factor of hydrogen 
in grams in grams 


Knowing how much of each element must be pres- 
ent for complete reaction then allows you to deter- 
mine how much product forms. lf 6á grams of 
oxygen reacts with 8 grams of hydrogen, then a 
total of 64 grams + 8 grams = 72 grams of water 
1s formed. 


Your Turn 

1. Nitrogen and hydrogen react in a lá:3 mass 
ratio to form ammonia. How much hydrogen 
1s needed ¡n order for 7.0 grams o0 nitrogen to 
react completely? 


2. How much ammonia forms in the reacton 
berween 7.0 grams of nitrogen and 6.0 grams 
of hydrogen? 


The observations of Lavoisier, Proust, and others led John Dalton (766— 
1844), a selEeducated English schoolteacher, to reintroduce the atomic 
ideas of Democritus. In 1803 Dalton wrote a series of postulates—claims 
he assumed to be true based on experimental evidence—that can be sum- 
marized as follows: 


lỆ 
SỐ 
Si 
Ạ. 


Each element consists of indivisible, minute particles called atoms. 


Atoms can be neither created nor destroyed in chemical reactions. 


All atoms of a given element are identical. 


Atoms chemically combine in deRnite whole-number ratios to form 


compounds. 


- Atoms of diferent elements have different masses. 
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John Dalton was born into a very poor 
family. Although his formal schooling 
ended at age 11, he continued to 
learn on his own and even began 
teaching others when he was only 

12. His primary research interest was 
weather, which led him to conduct 
many experiments with gases. Soon 
after publishing his conclusions on 
the atomic nature of matter, his repu- 
tation as a first-rate scientist increased 
rapidly. In 1810, he was elected into 
Britains premiere scientific organiza- 
tion, the Royal Society. 


In addition to exploring the chemical 
identity of gases and the nature of 
chemical reactions, Joseph Gay-Lussac 
was one of the first balloonists. In one 
of his balloon flights to test hypothe- 
ses on the composition of air and the 
extent of the Earths magnetic field, 
Gay-Lussac reached an altitude of 
7000 meters (23,000 feet). [his record 
remained unbroken for the next 50 
years. 


Even though Dalton was not correct about atoms being indivisible or 
about all atoms of a given element being identical (well see why later in 
the chapter), his postulates answered many questions about the nature 
of elements and compounds. Postulate 2, for example, which described the 
7„estzuctible nature of atoms, accounted for Lavoisiers mass-conservation 
principle. During a chemical reaction, atoms may be exchanged, but 
never are they created out of nothing nor do they simply vanish. Postu- 
late 4 explained compounds as the combination of the atoms o£ diferent 
elements. Oxygen and hydrogen atoms, for example, combine to form 
WALT. 

Dalton concluded that because 8 grams of oxygen always combines 
with 1 gram o£ hydrogen, the oxygen atom must be eight times more mas- 
sive than the hydrogen atom. In drawing this conclusion, he assumed that 
a single oxygen atom joins with a sinple hydrogen atom. According to Dal- 
ton, therefore, the most fundamental unit of water was HO rather than the 
familiar HạO we know today. 


Dalton Defended His Atomic Hypothesis Against Experimental Evidence 


In 1808, the French chemist Joseph Gay-Lussac (1778—1850) reported that 
when gases react, the volumes that react—in a manner similar to what 
Proust described for elements in his law of delnite proportions—are in the 
ratio of small whole numbers. Gay-Lussacs experiments showed, for exam- 
ple, that 2 lirers of hydrogen completely reacts with 1 liter oF oxygen (no 
more and no Ïess) to form 2 Ìiters of water vapor: 


2 liters hydrogen gas + I liter oxygen gas —> 2 Ìiters water vapor 


Dalton, however, was hiphly critical of Gay-Lussacs experiments. 
Dalton had already ñrmly established in his own mind that the formula 
for water was HO. If water contained twice as mụch hydrogen as oxygen, 
the formula would have to be H;Ö. In addition, Dalton could not under- 
srand how 2 liters of water formed and not just Ì liter. Assuming that 
hydrogen gas and oxygen gas consisted of individual atoms, and assuming 
that equal volumes of two gases contain equal numbers of particles, as 
shown in Eigure 3.8, then 2 liters of hydrogen should react with 1 liter of 
oxygen to produce Ì liter of water vapor, as shown ¡in Fligure 3.8a. 

Gay-Lussac 5 results, ilustrated in Figure 3.8b, showed that 2 liters of 
water vapor formed. So where did the atoms needed to create the addi- 
tional lirer of water vapor come from? Dịd each hydrogen atom and each 
oxygen atom split in half Thís would effectively double the number of 
atoms, allowing for a second volume of water. The notion of an atom 
splitting in half, however, was counter to Daltons well-received atomic 
hypothesis. 

In 1811, the Italian physicist and lawyer Amadeo Avogadro (1776— 
1856) gave an accurate explanation for Gay-Lussacs experimental results. 
Avogadro hypothesized that the fundamental particles of hydrogen and 
oxypgen were not atoms but rather diatomic molecules, where the term 
74føz„c Indicates two atoms per molecule. Thus, the formula for hydrogen 
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Hydrogen Oxygen Water Hydrogen Oxygen Water 
(2 liters) (1 liter) (1 liter) (2 liters) (1 liter) (2 liters) 


Figure 3.8 

(a) Dalton pointed out that if water had the formula HO, then 2 liters of hydrogen (shown 
here as 20 atoms) and † liter of oxygen (shown here as 10 atoms) should yield 1 liter of water 
vapor (shown here as 10 molecules containing a total of 30 atoms). (b) Gay-Lussac'S experi- 
ments showed that 2 liters of water vapor formed. Where did the atoms for this second liter 
of water vapor-come from? Questions such as this led Dalton to distrust Gay-Lussac s 
experimental results. 


¡s Hạ, and the formula for oxygen is O;. Diatomic particles of hydrogen 
and oxygen would have double the number of atoms in a given 
volume, thus allowing for the formation of a second volume of water, 4s 


Fipure 3.9 shows. 


©® @ Amadeo Áýógádrø received a doctor of 
7> § 1? law degree when he was 20 years old. 
€ 


———— He enjoyed practicing law but was 
mơre interested in science, which even- 
tually became his lifes occupation. As a 
qœ œ © professor of physics and mathematics 
in Italy, he was geographically and 
intellectually isolated from the chemi- 
cal community devèloping on the 
ms_ = . 60atoms- other side of the Alps`in northern 
France and in England. This isolation 
made it difficult for him to defend his 


Hydrogen Oxygen Water 
(2 liters) (1 liter) (2 liters) 


Figure 3.9 

Because each particle of gaseous hydrogen and gaseous oxygen is diatomic, 2 liters of hydro- views on the nature of atoms. In addi- 
gen and 1 liter of oxygen form 2 liters of water vapor. In this way, molecules of hydrogen, H;, tion, he valued his privacy and pre- 
and oxygen, O›, are split rather than đfoms of hydrogen, H, and oxygen, O, and Daltons atomic ferred focusing his energies on family 


theory is not violated. matters. 
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Stanislao Cannizzaros main research 
interests were in the chemistry of car- 
bon compounds found in living organ- 
isms. Cannizzaro did much to dispel the 
then widely held belief that the laws 
governing those chemicals were differ- 
ent from the laws governing chemicals 
not found in living organisms. 


Concept Check v 


How many molecules of hydrogen chloride, HCl, forrn when ten molecules 
of diatomic hydrogen, H›, react with ten molecules of diatomic chlorine, 
Cl›? lf ten molecules represent one volume, how many volumes of hydro- 
gen chloride form? 


Hydrogen,H; Chlorine, Cl; 


Were these 0u anSWeFS? In this reaction,20 hydrogen chloride molecules are formed.One vol- 
ume of hydrogen plus one volume of chlorine react to form two volumes of hydrogen chloride. 


qœ Hydrogen chloride 


Dalton understood AvogadroSs creative argument but found it unac- 
ceptable because ¡t failed to explain how two atoms of the same element 
could bond to cach other. Based on his own research, Dalton had come to 
the erroneous conclustion that atoms of the same kind always have a natu- 
ral repulsion for one another. Because of Daltons authority in the sclentilic 
community, Avogadros hypothesis was discarded and did not reappear for 
another half-century. 

In 1860, an international conference of chemists convened to discuss 
how the masses of atoms of different elements could be measured and com- 
pared with one another. (As we explore in Section 9.2, knowing the rela- 
tive masses of atoms helps chemists understand and control chemical reac- 
tlons.) Át the time, there was little apreement because different chemists 
using different experimental procedures and assuming different theories 
came up with different results. Progress in chemistry was stymied by this 
problem. 

At this conference, a pamphlet written by the Iralian chemist Stanislao 
Cannizzaro (1826-1910) was presented. In this pamphlet, whiích he had 
used with his students for several years, Cannizzaro explained and justifed 
Avogadros hypothesis and showed how correct atomic masses and formu- 
las could be obtained through easy calculations. The concept was simple: 
provided equal volumes of gases contain equal numbers of atoms or mole- 
cules, the relative masses of these particles can be obtained by weiphing 
cqual volumes of gases that are at the same temperature and pressure. As 
shown in Figure 3.10, for example, I liter of oxygen is l6 times heavier 
(more massive) than I liter of hydrogen, suggesting that, assuming the same 
number of atoms per molecule, an oxygen molecule is l6 times heavier 
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1 liter oxygen 1 liter hydrogen 


_— 


16x 1x 


Figure 3.10 

One liter of oxygen is 16 times more massive than the same volume of hydrogen. Assuming 
1 liter of oxygen and 1 liter of hydrogen contain the same number of particles, the mass of 
an oxygen particle must be 16 times greater than the mass of a hydrogen particle. 


(more massive) than a hydrogen molecule. Analysis of equal volumes of 
gases for many other elements resulted in the frst tables of accurate relative 
atomic masses, and from these tables grew the all-important periodic tablc. 

Despite the critical attacks by Dalton, the contributions of Gay-Lussac 
and Avogadro turned out to be most important to the development of 
atomic theory. Their efforts, however, were not widely recognized until 
after their deaths. Gay-Lussac died 10 years prior to the 1860 conference, 
and Avogadro died 4 years prIor. 


Mendeleev Used Known Relative Atomic Masses to Create the Periodic Table 


By the 1860s, many scientists working independently had noted that when 
they listed elements in order oÊ relative masses, a number OÊ Interesting pat- 
terns arose. Many physical and chemical properties, for example, tended to 
change gradually in moving from one element to the next. Ât regular inter- 
vals, however, an element had properties that were vastly different from 
those of the preceding element and more like those of a much lighter ele- 
ment. In other words, the properties of elements tended to recur in ¿ye/2s 
exhibiting the ø£z/øe/# we looked at in Section 2.6. 

In 1869, a Russian chemistry professor, Dmitri Mendeleev (1834- 
1907), produced a chart summarizing the properties of known elements 
for hís students. Mendeleevs chart was unique ¡n that it resembled a cal- 
endar. Across cach horizontal row, he placed all the elements that appeared 
in one interval of repeating properties. Down cach vertical column he 
placed elements of similar properties. He found, however, that in order to 
align elements properly ¡n a column, he had to shift elements left or ripht 
occasionally. This left gaps—blank spaces that could not be filled by any 
known element (Eigure 3.1). Instead of looking on these gaps 4s defects, 
Mendeleev boldly predicted the existence of elements that had not yet 
been discovered. Furthermore, his predictions about the properties of 
some of those missing elements led to their discovery. 


Dmitri Mendeleev was a devoted 
and highly effective teacher. Students 
adored him and would fill lecture halls 


to hear him speak about chemistry. 
Much of his work on the periodic 
table occurred in his spare time fol- 
lowing his lectures. Mendeleev taught 
not only in the university classrooms 
but anywhere he traveled. During his 
journeys by train, he would travel 
third class with peasants to share his 
findings about agriculture. 
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Figure 3.11 


An early draft of Mendeleev' periodic 


table. 
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UTAB.I©MATO MHOO Hã1A41A4 KO BC©eÏH COBOKYHHOCTH ĐI€M€HTOB5, HAÏ 
ROTODHMXZ H3BBCT©H5 C2 10CT0BÈDHOCTIĐ. Ha 83T0T5 A35 1 H #141 
1IĐ@HMÿHI€CTB@HHO HAÏ4TH OỐHYM CHCT€MY 91€M€HTOB5. BĐOTb 9T0T5 
OHMT5: "- 


Ti=00 ` 7r=90 . 751SỐ 

V=5I Nb=94  Ta=ls2. 

C€:i—ã2 -ˆ Mo=96  W=lä6. 

Mu=öä Rh=10414 PC—=197,i 

Em Ru=l044 Ir=198. 

Ni—=o=59 Pl—106u, Os=199. 

H=I..” -:-- -.. '°, u=68äx:  Ag=l08 Hg=200. 
Be=9,i Mg=241:' 2Zn=65,3 Cd=112 

B=1l: Al=27+ .. ?=68 Ur=ll6 Au=197?2 
C=12. S=28  ˆ ?=r0 Su=118 

N=14 P—=31. _ As=7õ Sb=t123 Bi=210 
05.  S¬3 NH -:o. Te=128? 
F=l9 Ol=35¿a ` Br=80 _ÏI=127 

Li=7 Na=23 K=39 Rh—=85„ Cs=133 TÌ=201 


Ca=40. Sr=›s7ø6 ' Ba=l37 Pb=207. 
?—=45 _0e=92 
?Er=56 La=94 
?Yt=60 Di=95 
0ln=75,ø  Th=119! 
â HOTOMỹ IPHXOXHTC4 BE DA3HHXS DPSIAX5 MMỀŠTb pA3II4HO€ Mivbiienie pa3nocTel, 
VWôrO HỄŠT2% B5 FAABHIIXES WHCXIAXE HD€I1âfAaeXOÄ TaỐIMUM. ÏÍx14 #&ê HDHISTCä ID€XIO- 
IAIAT© HH COCTAB4€HÌW CHCT€MH OW€MHE MROFO H©XOCTADIIHXE WICHOBES  'TO HM 
XpY!Oe Mato nhr01HO. MuŠ KAR€TCf IDHTOXS, HanỐOIBê @CT€CTB@HUHMNZS COCTABHTE 
KYỐR%4€CKĐD CHCT€XY (HD€IIAFACMAS ©CTk HIOCROGTHA1), HO H HOHHTKH XãÑ ©4 OỐpA30- 
BAHỈ4 M@ HQB@IH KĐ HAXI©#alqHXZ5 D©3ÿ16TATaXE. CzB1\YĐmiã X8Ö DOñWTKU MOFYTE HO- 
K833T5 TO pA3BO0ỐpA3ÌÊ COHOCTABA€BIÏ, EAkO© BO3XO#HO HDH XOUHYL(€Hi OCROBHArO 
HA481A, BHCEA3AHHAFO B5 Đ9TOÄ GTATEB. _ ` 
LL Na K (Cu Rb Ag Ơs — TI 
7T 93 39 634 654 109 183 . - 92041 
Be Mg OÖOa 7n §r 0d Ba — Pb 
B AI — — —=-  UÙr — B“ 
€8 Tỉ — 7r §n — — — 
N P VY As Nb §b ~— n 
0 8 — §% — Tse —  W — 
F Ôðl — Bị —  J — 
19 85,5 ð8 680 199 127 160 190 220, 


That Mendeleev was able to predict the properties of new elements 
helped convince many sclentists of the accuracy of Daltons atomic hypoth- 
esis. This in turn helped promote Daltons proposed atomic nature of mat- 
ter from a hypothesis to a more widely accepted theory. Mendeleevs chart, 
which ultimately led to our modern periodic table with its horizontal peri- 
ods and vertical groups, also helped lay the groundwork for our under- 
standing of atomic behavior and is recognized as one of the most important 
achievements of modern science. 
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Concept Check v 


The following statements summarize the scientific discoveries presented 
in Sections 3.2 and 3.3. Place them in chronological order. 
a. Elements are made of atoms. 
. Chemicals react in definite whole-number ratios. 
. Relative masses of atoms can be measured. 
. Hydrogen gas and oxygen gas consist of diatomic molecules. 
. The periodic table can be used to predict the properties of ele- 
ments. 
Mass is conserved during a chemical reaction. 


0) ƒSk, í@l, ter 


Y 


Was this VOUF AfISW€T? Lavoisier discovered that mass is conserved during a chemical reaction, 
which led Proust to discover that chemicals react in deRnite whole-number ratios. Based on this informa- 
tion, Dalton proposed that elements are made of atoms. This was followed by Gay-Lussacs experiments, 
which suggested to Avogadro that hydrogen gas and oxygen gas consist of diatomic molecules. Using this 
as a premise, Cannizzaro was able to show how Avogadros hypothesis could be used to measure the rel- 
ative masses of atoms. Knowing relative masses allowed Mendeleev to đevise the periodic table and use it 
to predict the properties of elements yet to be discovered. The correct sequence is therefore f, b, a, d, c, e. 


Today, the results of many scientifc experiments confirm the atomic 
nature of matter. Contrary to Daltons notion of the indivisible atom, how- 
ever, an accumulation of evidence tells us that atoms are in fact divisible 
and that they are made of smaller particles called ø/2c/rø7/s, prø/0725, and ø£1⁄- 
£røzs. For the remainder of this chapter, we explore these s/2/07c p4717- 
cl¿s1n detail, continuing with our historical perspectIve. 


5.4 The Eledron Was the First Subatomic 
Particle Discovered 


In 1752, Benjamin Franklin (1706-1790) learned from experiments with 
thunderstorms that lightning ¡s a fow of electrical energy through the 
atmosphere. This discovery prompted other scientists to explore whether or 
not electrical energy could travel through gases other than the atmospherc. 
To fnd out, they applied a voltage across ølass tubes in which they had 
sealed various gases. (To apply a voltage means to connect cach end o£a tube 
to a wire and then connect the free ends of the two wires to a battery.) 

In every case, the result was a brightly glowing ray (Figure 3.12a). Thị 
meanit that electrical energy was able to travel through different types of 
gases. To the surprise of these earÏy invcstlgatOrs, 4 ray was also produced 
when the voltage was applied across a glass tube that had been evacuated 
and was thus empty ofany gas (Figure 3.12b). This implied that the ray was 
not a consequence of the gas but rather an entity in and oÝ irself. 

Experiments showed that the ray emerged from the end of the tube that 
was negatively charged. Because this negatively charged end was called the 
catode, the apparatus, shown In Figure 3.l3a, was named a cathode ray 
tube. Magnetic fields caused the ray to defect, as did small electrically 
charged metal plates. When such plates were used, the ray was always 


Benjamin Franklin invented the light- 
ning rod, which is a sharp point of 
metal placed on a rooftop and con- 
nected to the ground by a long wire. 
Houses equipped with sụch rods are 
protected from the danger of light- 
ning bolts. A popular myth holds that 
Franklin discovered the electrical 
nature of lightning by flying a kite 
during a lightning storm. Franklin, 
however, was smart enough to know 
the extreme danger posed by such a 
foolish act. 
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Figure 3.12 

(a) Electrical energy passing through a 
glass tube filled with neon gas gener- 
ates a bright red glowing ray. (b) The 
ray passing through an evacuated 
glass tube is not usually visible. In the 
tube shown here, however, the ray is 
highlighted by a fluorescent backing 
that glows green as the ray passes 
OVer it. 


deflected toward the positively charged plate and away from the negatively 
charged plates. Because like signs of electric charge repel each other, this 
meant the cathode ray was negatively charged. The speed of the ray was 
found to be considerably less than the speed of lipht. Because of these char- 
acteristics, it appeared that the ray behaved more like a beam of particles 
than a beam of lipht. 


High voltage source 


Evacuated tube 


Beam having 
passed through 
hole in anode 


High voltage source 


Magnet 


Figure 3.13 
Cathod 
(a) A simple cathode ray tube. The (b) li 5 2ảu 


small hole in the positvely charged end 
of the tube, the anođe, permits the pas- 
sage of a narrow beam that strikes the 
end of the evacuated tube, producing 
a glowing dot as the beam interacts 
with the glass. (b) The cathode ray is Deflected 
deflected by a magnetic field. beam 


Deflection angle 
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In 1897, J. J. Thomson (1856-1940) measured the defection angles of 
cathode ray particles in a magnetic field, using a magnet positioned as 
shown In Figure 3.13b. He reasoned that the defection of the particles 
depended on their mass and electric charge. The greater a particles mass, 
the greater its resistance to a change ¡in motion and therefore the s⁄//zr the 
defection. The greater a particles charge, the stronger the magnetic inter- 
actions and therefore the /z2zzcz the defection. The angle of delection, he 
concluded, was equal to the ratio of the particles charge to its mass: 


sindlsofibilÐ TT” se 


ínaSS 


Knowing only the angle of defection, however, Thomson was unable to 
calculate either the charge or the mass of each particle. Ín order to calculate 
the mass, he needed to know the charge, but in order to calculate the 
charge, he needed to know the mass. 


Concept Check v 


For which equation is it not possible to calculate one specific value for x: 


Was this Y0uf ânSWY? In the fñrst equation,its possible to figure that x = 8 (because 8 + 2 = 4). 
In the second equation,x would equal 15 if y equaled 5 (becasue 15 + 5 = 3) but would equal 9 ly 
equaled 3 (because 9 ~ 3 = 3).ln other words, one specific value for x cannot be determined unless the 
value of y is known. Likewise, the value of y cannot be determined unless the value of x is known. Simi- 
larly, Thomson could not calculate the electrons mass without knowing its charge. 


In 1909, the American physicist Robert Millikan (1 868—1953) calcu- 
lated the numerical value ofa single increment ofelectric charge on the basis 
of the innovative experiment shown in Eigure 3.14. Millikan sprayed tíny oil 


(2) Droplets fall due to 
gravity, with a few 
falling through a hole 
in the positively 
charged plate. 


()A mist of oil droplets 
is injected into the 
top chamber. 


Adjustable Charged plate (+) 
electricfield | Charged plate (—) 


The electric field is adjusted until a droplet 
hovers. The upward electric force exerted 
on the droplet by the positively charged 
plate is exactly balanced by the downward 
force of gravity exerted on the droplet. 


Joseph John Thớnsơn, known to his 
colleagues as J. J.,was one of the first 
directors of the famous Cavendish 
Laboratory of Cambridge University in 
England, where almost all the discov- 
eries concerning subatomic particles 
and their behavior were made. Seven 
of Thomson5 students went on to 
receive Nobel prizes for their scientific 
work. Thomson himself won a Nobel 
prize in 1906 for his work with the 
cathode ray tube. 


Figure 3.14 
Millikan determined the charge of an 
electron with this oil-drop experiment. 
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droplets into a specially designed chamber in which droplets could be sus- 
pended in air by the application of an electric field. (This is similar to the 
way a personis hair can be made to stand straight up by placing a statically 
charged balloon near the hair) When the fñeld was srong on MIHikans 
apparatus, some of the droplets moved upward, indicating they had a very 
s[ight negative charge and so were attracted to the upper, positively charged 
plate. Millikan adjusted the fñeld so that some of the droplets would hover 
motionless. He knew that the downward force of gravity on these motion- 
less droplets was exactly balanced by the upward electric force. By altering 
the feld strength, he could make other droplets, of different masses, hover 
motionless. Repeated measurements showed that the electric charge on any 
droplet was always some multiple ofa single very small value, 1.60 < 1017 
coulomb, which Millikan proposed to be thẻ fundamental increment of all 
electric charge. (The eøz/øzU is a unit of electric charge.) Using this value 
and the charge-to-mass ratio discovered by Thomson, Millikan calculated 
the mass of a cathode ray particle to be considerably less than that of the 


The European science community of 
the 1800s viewed most American sci- 
“...ẽ. ...: Ggn smallest known atom, hydrogen. This was remarkable because it provided 
profound in their thinking or discover- strong evidence that the atom was not the smallest particle of matter. 

ies. This attitude began to change at 

the turn of the 20th century, principally 


because of the work of the American C t Ch k v 

scientist Robert Millikan, who excelled 0nC€p ec 

¡in hi Ỉ tal desi - § 
M0 iớ ti dt ÚC TH What do the numbers 45, 30, 60, 75, 105, 35, 80, 55, 90, 20, 65 have in 
spent much time preparing textbooks common? 


so that his students did not have to 
rely so much on lectures. He won a 


TT nh eỲỉa ng the Was this Y0uUuF answer? They are all multiples of 5. In a similar fashion, Millikan noted that ãfÏ the 
P v readings from his electronic equipment were multiples of a very small number, which he calculated to be 


1246. 1.60 X 10. †? coulomb. 
~= 


The cathode ray particle ¡s known today as the electron, a name that 
comes from the Greek word for amber (z/2e#/), which 1s a material the early 
Greeks used to study the effects of static electricity. The electron is a funda- 
mental component of all atoms. All electrons are identical, each having a neg- 
ative electric charge and an incredibly small mass of 9.1 < 103! kilograms. 
Electrons determine many ofa materials properties, including chemical reac- 
tivity and such physical attributes as taste, texture, appearance, and color. 

The cathode ray——a stream of electrons—has found a great number of 
applicattons. Most notably, a traditlonal television set (not the modern thin 
LCD screens) 1s a cathode ray tube with one end widened out into a phos- 
phor-coated screen. Signals from the television station cause electrically 


Hands-On Chemistry: Bending Hectrons 


Stare at a non-LCD television set or computer monitor, and you stare down 
the barrel of a cathode ray tube. You can find evidence for this by holding a 

TH SƯ NNG magnet up to the screen. Note the distortion. Important: use only a small mag- 
CHECK US 0UT! net and hold it up to the screen only briefly; otherwise the distortion may become 
permanert. 


CTIfY 0F C0MC0Rö 
ON THE — 
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charged plates in the tube to control the direction of the ray such that 
Images are traced onto the screen. 


ấ.5_ The Mass of an Atom Is Concentrated ¡n Its Nucleus 


Ít was reasoned that if atoms contained negatively charged particles, some 
balancing positively charged matter must also exist. From this, Thomson put 
forth what he called a ø#zzz-p2/ng zodielof the atom, shown in Figure 3. |5. 
Further experimentation, however, soon proved this model to be wrong. 

Around 1910, a more accurate picture of the atom came to one oỂ 
Thomsons former students, the New Zealand physicist Ernest Rutherford 
(1871-1937). Rutherford oversaw the now-famous gold-foil experiment, 
which was the first experimenrt to show that the atom is mostÌy empty space 
and that most of its mass is concentrated in a tiny central core called the 
atomic nucleus. 

In Rutherfords experiment, shown in Figure 3.16, a beam of positively 
charged particles, called alpha particles, was directed through an ultrathin 
sheet of gold foil. Since alpha particles were known to be thousands of times 
more massive than electrons, it was expected that the alpha-particle stream 
would not be impeded as ít passed through the “atomic pudding” of gold 
foil. This was indeed observed to be the case—for the most part. Nearly alÌ 
alpha particles passed through the gold foil undefected and produced 


spots of light when they hit a Ñuorescent screen positioned around the 


gold foil. However, some particles were defected from their sưraiph- - 


line path as they passed through the foil. A few of them were widely 
deflected, and a very few were even defected straight back toward the 
source! These alpha particles must have hit something relatively massive, 
but what? Rutherford reasoned that undefected particles traveled 
through regions of the gold foil that were empty space, as Figure 3. L7 shows, 
and the defected ones were repelled from extremely dense positively charged 
centers. Each atom, he concluded, must contain one of these centers, which 
he named the 2/077 ?cleis. 


Alpha particles(+)  Deflected alpha particles 


Source of 
alpha particles 


alpha particles 
Fluorescent screen 


Figure 3.16 

Rutrrri gold-foil experiment. A beam of positively charged alpha particles was directed at 
a piece of gold foil.Most of the particles passed through the foil undeflected, but some were 
deflected. This result implied that each gold atom was mostly empty space with a concentration 
of mass at its center—the atomic nucleus. 


Positively charged 
part of atom 


Negatively charged 
electron 


Figure 3.15 

Thomson5 plum-pudding model of 
the atom. Thomson proposed that 

the atom might be made of thousands 
of tỉny, negatively charged particles 
swarming within a cloud of positive 
charge, much like plums and raisins 

in an old-fashioned Christmas plum 
pudding. 


Atoms in gold foil 


Nucleus (+) 


Figure 3.17 

Rutherford's interpretation of the 
results from his gold-foil experiment. 
Most alpha particles passed through 
the empty space of the gold atoms 
undeflected, but a few were deflected 
by an atomic nucleus. 
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When Ernest Rutherford was 24, he 
placed second in a New Zealand schol- 
arship competition to attend Cam- 
bridge University in England, but the 
scholarship was awarded to Rutherford 
after the winner decided to stay home 
and get married. In addition to discov- 
ering the atomic nucleus, Rutherford 
was also first to characterize and name 
many of the nuclear phenomena dis- 
cussed in the following chapter. He 
won a Nobel prize in 1908 for showing 
how elements such as uranium can 
become different elements through 
the process of radioactive decay. At the 
time, the idea of one element trans- 
forming to another was shocking and 
met with great skepticism because it 
seemed reminiscent of alchemy. 


Figure 3.19 

As close as Tracy and lan are in this 
photograph, none of their atoms meet. 
The closeness between us is in our 
hearts. 


Rutherford guessed that the atomic nucleus must have a positive elec- 
tríc charge to balance the negative charge of the electrons in the atom. He 
also guessed that the electrons were not part of this nucleus and so must be 
outside ¡t but still somewhere in the atom. Today we know that, as Figure 
3.18 illustrates, the electrons do indeed exist outside the nucleus, swirling 
around it at ultrahigh speeds. Figure 3.18 also shows that an atom is mostÌy 
empry space, with the diameter of the whole atom being about 10,000 
tỉmes greater than the diameter of¡ts nucleus. Ifa nucleus were the size Of 
the period at the end of this sentence, the outer edges of the atom would 
be located 3.3 meters (11 feet) away. Also, because the nucleus is so dense, 
the mass of such a period-sized nucleus would be on the order of2500 kilo- 
grams—the mass of a large pick-up truck. 


Electron cloud 


Figure 3.18 

Electrons whiz around the atomic nucleus, forming what can be best described as a cloud. lf this 
illustration were drawn to scale, the atomic nucleus would be too small to be seen. An atom is 
mostly empty space. 


Wc and all materials around us are mostÌly empty space because the 
atoms we are made of are mostly empty space. So why dont atoms simply 
pass through one another? How 1s ít that we are supported by the foor 
despite the empty nature of its atoms? Although subatomic particles are 
much smaller than the volume of the atom, the range of their electric field 
1s several times larger than that volume. In the outer regions of any atom 
are electrons, which repel the electrons of neighboring atoms. ÏWo atoms 
therefore can get only so close to each other before they start repelling (pro- 
vided they dont Joïin in a chemical bond, as is discussed in Chapter 6). 

When the atoms of your hand push against the atoms of a wall, elec- 
trical repulsions between electrons 1n your hand and electrons ¡n the wall 
prevent your hand from passing throuph the wall. These same electrical 
repulsions prevent us from falling through the solid Roor. They also allow 
us the sense of touch. Interestingly, when you touch someone, your atoms 
and those of the other person do not meet. Ïnstead, atoms from the two of 
you get close enouph so that you sense an electrical repulsion. There ¡s still 
a tiny, though imperceptible, gap between the two o£ you (Figure 3.19). 
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5.6 The Atomic Nucleus ls Made of 
Protons and Neutrons 


The positive charge of any atomic nucleus was found to be equal ¡n 
magnitude to the combined negative charge of all the electrons in the 
atom. Ít was thus reasoned, and then experimenrally confirmed, that 
positively charged subatomic particles make up the nucleus. Today we 
call these positively charged particles protons. The proton ¡s nearly 
2000 times more massive than the electron. The electric charge on the 
proton ¡s numerically equal to the electric charge on the electron, but, as 
Just mentioned, the charge on the proton ¡is positive. Thus each electron 
has an electric charge of —1.60 X 1012 coulomb, and cach proton has 
an electric charge of +1.60 1012 coulomb. The number of protons 
in the nucleus of any atom ¡s cqual to the number of electrons whirling 
about the nucleus, and so the positive charge and negative charge can- 
cel cach other, which means the atom ¡s electrically balanced. For exam- 
ple, an electrically balanced oxygen atom has eight electrons and eight 
PrOtOns. 

Scientists have agreed to identify elements by atomic number, which 
¡s the number of protons cach atom oŸa given element contains. Ihe mod- 
ern periodic table lists the elements in order of Increasing atomic number. 
Hydrogen, with one proton per atom, has atomic number I; helium, with 
two protons per atom, has atomic number 2; and so on. 


Concept Check v 


How many protons are there in an iron atom, Fe (atomic number 26)? 


~ 


Was this Yy0uf anSW€F? The atomic number of an atom and its number of protons are the same. 
Thus, there are 26 protons in an iron atom. Another way to put thís is that all atoms that contain 26 pro- 
tons are, by definition, iron atoms. 


If we compare the electric charges and masses of different atoms, we 
see that the atomic nucleus must be made up of more than just protons. 
Helium, for example, has twice the electric charge of hydrogen but ƒø2z 
times the mass. The added mass is due to another subatomic particle 
found in the nucleus, the neutron, which was frst detected in 1932 by 
the British physicist James Chadwick (1891-1974). The neutron has 
about the same mass as the proton, but it has no electric charge. Âny 
object that has no net electric charge ¡s said to be £lzctricalJy „ewzrz!, and 
that is where the neutron got its name. We discuss the important role that 
neutrons play in holding the atomic nucleus together in the following 
chapter. 

Both protons and neutrons are called nucleons, a term that denotes 
their location ¡n the atomic nucleus. 


Electron 


Nucleus 


Neutron 


= 


l. A neu†ron goes in†o a 

| res†auran† and asks The 
woi†er, How mụch for q 
drink?” The woi†er replies, 


© or you, no choarqe.” 


— 
9 


~ 
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Figure 3.20 

lsotopes of an element have the same 
number of protons but different num- 
bers of neutrons and hence different 
mass numbers. The three hydrogen ¡so- 
topes have special names: protium for 
hydrogen-1, deuterium for hydrogen-2, 
and tritium for hydrogen-3. Of these 
three isotopes, hydrogen-† is most 
common. For most elements, such as 
iron, the isotopes have no special 
names and are indicated merely by 
mass number. 


Table 3.1 summarizes the basic facts about our three subatomic particles. 


Table 3.1 


Subatomic Particles 


Particle Charge Relative Mass Actual Mass* (kg) 
Electron —1 1 1190 
Nuc Proton " 1836 1673. 10 
Bên Neutron 0 1841 1.675 X 1027 


* Not measured directly but calculated from experimental data. 
** 9.11 < 10~31 kg = 0.000000000000000000000000000000911 kg (see Appendix A). 


For any element, there is no set number of neutrons in the nucleus. For 
example, most hydrogen atoms (atomic number 1) have no neutrons. A 
small percentage, however, have one neutron, and a smaller percentage have 
two neutrons. Similarly, most iron atoms (atomic number 26) have 30 neu- 
trons, but a small percentage have 29 neutrons. Atoms oỂ the same element 
that contain different numbers of neutrons are isotopes of one another. 

W identify isotopes by their mass number, which ¡s the total number 
oỂ protons and neutrons (in other words, the number of nucleons) in the 
nucleus. As Figure 3.20 shows, a hydrogen isotope with onÌy one proton is 
called hydrogen-1, where 1 ¡s the mass number. A hydrogen isotope with 
one proton and one neutron ¡s therefore hydrogen-2, and a hydrogen Iso- 
tope with one proton and two neutrons ¡s hydrogen-3. Similarly, an iron 
Isotope with 26 protons and 30 neutrons ¡s called iron-56, and one with 


only 29 neutrons Is Iron-55. 


F) à. 


Hydrogen-1 Hydrogen-2 Hydrogen-3 lron-56 lron-55 
1 proton †1 proton 1 proton 26 protons 26 protons 
0 neutron 1 neutron 2 neutrons 30 neutrons 29 neutrons 


(protium) (deuterium) (tritium) 


Hydrogen isotopes 


L————————— 


lron isotopes 


An alternative method of indicating isotopes Is to write the mass num- 
ber as a superscript and the atomic number as a subscript to the left of the 
atomic symbol. For example, an tron Isotope with a mass number of 56 and 
atomic number of 26 1s written 


Mass number_ 
56 
: FQG—— Atomic symbol 
6 


Atomic number 
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The total number of neutrons in an isotope can be calculated by sub- 
tracting Its atomic number Írom its mass number: 


mass number 
— atomic number 


number of neutrons 


For cxample, uranium-238 has 238 nucleons. The atomic number oỀ ura- 
nium Is 92, which tells us that 92 of these 238 nucleons are protons. The 
remaining 146 nucleons must be neutrons: 


b2 238 protons and neutrons 
— 92 protons 
92 
na 146 neutrons 


Atoms interact with one another electrically. Therefore the way any 
atom behaves in the presence of other atoms is determined largely by the 
charged particles it contains, especially its electrons. Isotopes of an element 
differ only by mass, not by electric charge. Eor this reason, Isotopes ofan ele- 
ment share many characteristics—in fact, as chemicals they cannot be dis- 
tinguished from one another. For example, a sugar molecule containing 
seven neutrons per carbon nucleus ¡s digested no differently from a sugar 
molecule containing six neutrons per carbon nucleus. In fact, about l per- 
cent of the carbon we eat is the carbon- l3 Isotope containing seven neutrons 
per nucleus. The remaining 99 percent of the carbon In our diet 1s the more 
common carbon-Ì2 isotope containing sIx neutrons per nucleus. 

The total mass of an atom ¡s called ¡ts atomic mass. Thịs 1s the sum of 
the masses of all the atoms components (electrons, protons, and neutrons). 
Because electrons are so mụch less massive than protons and neutrons, their 
contribution to atomic mass is nepligible. As we explore further in Section 
9.2, a special unit has been developed for atomic masses. lhis 1s the 2/077 
s$ 7t, amu, where Ì atomic mass unit is equal to 1.661 X 10-2 gram, 
which ¡s slightly less than the mass of a single proton. Ás shown In Figure 
3.21, the atomic masses listed in the periodic table are in atomic mass unIts. 
As is explored in the Calculation Corner on page 92, the atomic mass of an 
element as presented ¡in the periodic table is actually the average atomic 
m4SS Of ItS varIOuS ISOtOP€S. 


Atomic mass 
<Z in atomic mass 
units 


j7 g 10 
í _Ƒ |Ne 
15.999 | 18.998 | 20.180 

16 1/4 18 

Š | Cl| | Ar 
32.066 | 35.453 | 39.948 


Si 36 


lá 


Figure 3.21 

Helium, He, has an atomic mass of 
4.003 atomic mass units, and neon, Ne, 
has an atomic mass of 20.180 atomic 
mass units. 
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Concept Check v 


Distinguish between mass number and atomic mass. 


Was this YOUF anSW€FT? Both terms include the word m4ss and so are easily confused. Focus your 
attention on the second word of each term, however, and you'll get it right every time. Mass number is 
a count of the nưmber of nucleons in an isotope. An atom's mass number requires no units because it 
is simply a count. Atomic mass is a measure of the total mass of an atom, which is given in atomic mass 
units. lf necessary, atomic mass units can be converted to grams using the relationship 1 atomic mass 
unit = 1.661 10 '?# gram. 


Calculation Corner: Calculating Atomic Mass 

Wos† elemen†s hove œ vorie†y of iso†opes, each wi†h i†s own afomic mass. For This 
reoson, †he o†omic mass lis†ed in †he periodic †able for oany given elemen† ¡is †he averoge 
of †he masses of oll †he elemen†S iso†opes based on †heir relafive abundonce. 


About 99 percent of all 
carbon atoms, for example, 
are the ¡isotope carbon-l2, and 
most of the remaining l percent are the heavier 
isotope carbon-13. This small amount of carbon- 
13 raises the 2z mass of carbon from 12.000 
atomic mass units to the slightly greater value 
12.011 atomic mass units. 

To arrive at the atomic mass presented in the 
periodic table, you frst multiply the mass of cach 
naturally occurring isotope of an element by the 
fraction of¡its abundance and then add up all the 
fractons. 


Example 

Carbon-12 has a mass of 12.0000 atomic mass 
units and makes up 98.89 percent of naturally 
occurring carbon. Carbon-l3 has a mass of 
13.0034 atomic mass units and makes up I1.1I 
percent of naturally occurring carbon. se this 
information to show that the atomic mass OÝ car- 
bon shown ¡n the periodic table, 12.011 atomic 
maSS UnItS, 1S COFF€CI. 


Answer 

Recognize that 98.89 percent and 1.11 percent 
expressed as fractions are 0.9889 and 0.0111, 
TespectivcÌy. - 


Contributing  Contributing 


Mass of 12C Mass of 13C 
Fraction of 
Abundance 0.9889 0.0111 
Mass(amu) X12.0000 13.0034 [ °P! 
11.867 0.144 


atomic mass = 11.867 + 0.144 = 12.011 step 2 


Your Turn 

Chlorine-35 has a mass of 34.97 atomic mass 
units, and chlorine-37 has a mass of 36.95 atomic 
mass units. Determine the atomic mass of chỈo- 
rine, C| (atomic number 17), if 75.53 percent of 
all chlorine atoms are the chlorine-35 isotope and 
24.47 percent are the chỈorine-37 isotope. 


In Perspective 


You may recognize that the atomic masses given ¡n the periodic table are 
the relative masses attendees at the 1860 chemistry conference were so 
avidly working toward. From the atomic masses, for example, we can as- 
ly calculate that neon atoms are 20.18/4.003 = 5.041 times more massive 
than helium atoms. In this and many other regards, the periodic table ¡s the 
culmination of the efforts of many talented individuals, only some of 
whom were discussed in this chapter. Table 3.2 summarizes all the atomic 
history we have covered. 

When the initial discoveries about atoms were being made, scientists 
based their conclusions on experimental evidence, and such evidence ¡s 
always open to critical review. [nvestigators were thus able to look beyond 
the biases of the past to conceive new and more accurate models of nature. 


Table 3.2 


Democritus (460-370 B.C.) Proposed an atomic model for matter 


Aristotle (384-322 B.C.) 


Proposed that matter is continuous 


Boyle (1627-1691) 1661 Identified an element as that which cannot be broken 
down to simpler parts 

Franklin (1706-1790) 1752 Investigated the nature of electricity 

Cavendish (1731-1810) 1766 Discovered hydrogen 

Lavoisier (1743-1794) 1774 Developed the law of mass conservation 

Priestley (1733-1804) 1774 Discovered oxygen but did not identify it Ị 

Proust (1754-1826) 1797 Proposed the law of definite proportions 

Dalton (1766-1844) 1803 Developed five postulates describing the atomic model 
of matter 

Gay-Lussac (1778-1850) 1808 Showed that gases react in definite volume ratios 

Avogadro (1776-1856) 1811 Explained Gay-Lussacs observations by proposing that 
the particles of a gas exist as diatomic molecules 

Cannizzaro (1826-1910) 1860 Reintroduced the work of Avogadro as a reliable means 
of measuring relative atomic masses 

Mendeleev (1834-1907) 1869 _ Developed a chart—forerunner to our modern periodic 
table—that organized the elements by properties 

Thomson (1856-1940) 1897 Measured the charge-to-mass ratio for a beam of 
electrons 

Millikan (1868-1953) 1909 Calculated the mass of an electron and found it to be 
smaller than the mass of the smallest known atom 

Rutherford (1871-1937) 1910_ Discovered the atomic nucleus 

Chadwick (1891-1974) 1932 Discovered the neutron 


—_—____—_______—_—_——_— _——_—_————————————————————— 


ln Perspective 
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Key Terms and Matching Definitions 


lý 


3ã 


92, 


Lộc 


14. 


alchemy 

atomIc mass 

atomic nucleus 

atomic number 

cathode ray tube ý 
electron 

ISOtOD€ 

law of deRnite proportions 
law of mass conservation 
mass number 

neutron 

nucleon 

proton 

scientifc Ìlaw 


A medieval endeavor concerned with turning 
other metals to gold. 

Any scientifc hypothesis that has been tested 
over and over again and has not been contra- 
dicted. Also known as a scientific principle. 


._Á law stating that there 1s no detectable change 


in the amount of mass present before and after 
a chemical reaction. 


._Á law stating that elements combine ¡in definite 


mass ratios to form compounds. 


. Á device that emits a beam of electrons. 
._ An extremely small, negatively charged sub- 


atomic particle found outside the atomic 
nucleus. 


._ The dense, positively charged center of every 


atom. 


. Á positively charged subatomic particle of the 


atomic nucleus. 


._Á count of the number of protons in the 


atomic nucleus. 


._Án electrically neutral subatomic particle of the 


atomic nucleus. 


._ Any subatomic particle found in the atomic 


nucleus. Another name for either proton or 
neutron. 

Any member of a set of atoms of the same ele- 
ment whose nuclei contain the same number of 
protons but different numbers of neutrons. 
The number of nucleons (protons and neu- 
trons) in the atomic nucleus. sed primarlly to 
Identify isotopes. 

The mass o£ an elementS atoms listed ¡n the 
periodic table as an z2ezzø value based on the 
relative abundance of the element$s isotopes. 


Review Quesfions 
Chemistry Developed Out of Our Interest in Materials 


1. In what ways was Aristotles erroneous model of 
matter a remarkable achievement? 


2. According to Aristotles model, how is clay 
converted to ceramic? 


3. How did chemistry beneft from alchemy 


Lavoisier Laid the Foundation of Modern Chemistry 


4. How did Lavoisier deRne an element and a 
chemical compound? 


5. Why did Lavoisiers mass-conservation law 
escape earlier Investigators? 


6. Who named the element oxygen? 
7. What ¡s the meaning of the word jyzøgem? 


8. How many grams of water can be formed from 
the reaction between 10 grams of oxygen and 
1 gram o£ hydrogen? 


Dalton Deduced That Matter Is Made of Atoms 
9, How did Dalton deflne an element? 


10. How did Dalton explain the fact that elements 
combine in whole-number ratios to form chem- 
ical compounds? 


11. Which of Daltons ñve postulates accounts for 
Lavoislers mass-conservation principle? 


12. According to Dalton, how do the atoms of di£- 
ferent elements differ from one another? 


13. What was Daltons proposed formula for 


Water? 


lá. Ín what volume ratio do hydrogen gas and 
OXygen gas react to form water 


15. How dịd Avogadro account for the formation 
of two volumes of water from two volumes of 
hydrogen and one volume of oxygen? 


16. When was Avogadros hypothesis ñnally 
accepted by the scientiic community? 


17. What observation led Mendeleev to develop his 
early version of the periodic table? 


The Hectron Was the First Subatomic Particle Discovered 
18. What ¡s a cathode ray? 


19. Why ¡sa cathode ray defected by a nearby clec- 
tric charge or magnet? 


20. What did Thomson discover about the electron? 


21, Why couldnt Thomson calculate the mass of 
the electron? 


22. What did MIillikan discover about the electron? 


The Mass of an Atom Is Concentrated ¡n Its Nucleus 
23. What did Rutherford discover about the atom? 


24. What was the fate of the vast majority of alpha 
particles in Rutherfords gold-foil experiment? 


25. 1o Rutherford$S surprise, what was the fate of a 
tiny fracton of alpha particles in the gold-foil 
experiment? 


26. What kind of force prevents atoms from squish- 
¡ng Into one another? 


The Atomic Nucleus Is Made of Protons and Neutrons 


27. A proton ¡is how much more massive than an 
electron? 


28. Compare the electric charge on the proton with 
the electric charge on the electron. 


29. Nhat ¡s the deÑñnition of atomic number? 


30. What role does atomic number play In the peri- 
odic table? 


31. What effect do isotopes ofa given element have 
on the atomic mass calculated for that element? 


32. Name two nucleons. 


33. Distinguish between atomic number and mass 
number. 


34. Distinguish between mass number and atomic 
mass. 


Hands-On Chemistry Insighfs_ 
Air Qut 


As the iron rusts, it absorbs oxygen molecules from 
the air in the inverted jar. Thịs allows the water to rIse 
into the jar. How far the water rises is a function of 
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the amount of oxygen removed. You can ñnd out 
how much oxygen was removed by rubber-banding a 
ruler to the jar such that the zero mark on the ruler Is 
at the Initial water level inside the Inverted Jar. When 
the water stops rising, divide the water heipht inside 
the inverted jar by the heipht of the air that was Ini- 
tially inside the jar. The fraction you obtain gives a 
rouph estimate of the percentage of air removed from 
the jar, which corresponds to the percentage of oxy- 
gen in the atmosphere. How close do you come to 
the accepted value of 21 percent? 

You mipht also make a graph plotting the water 
heipht in the inverted jar at successive IŨ-minute 1nter- 
vals. Why does the praph gradually level of? hat ef- 


fect does the volume of the steel wool have on your data? 


Collecting Bubbles 


Dont restrict yourself to the setup given ¡n this 
hands-on activity. Improvise with available house- 
hold items, and you may well devise a more success- 
ful way of collecting the carbon dioxide. Consider, 
for example, using either rubber tubing or a drinking 
straw to connect the CO» source to the inverted bot- 
te. You can shape one end of the tubing into a } 
shape by inserting a straiphtened paper clÌip into the 
tubing and then bending the clip until the tubing 
end remains curved. Then slip the curved end into 
the inverted bottle. 

In this activity, always be wary of the pressure 
that builds up when baking soda and vinegar are 
mixed ¡in a closed container. 

You can pour the carbon dioxide over the fame 
ofa birthday candle. As the carbon dioxide fows out 
of the bottle, ¡t falls onto the candle and extinguishes 
the Ñame. (Dont tilt the bottÌe too far or some water 
will pour out.) At times, you may see the motion of 
the carbon dioxide by the streaming of the smoke 
from the extinguished candle. This ¡s all evidence 
that carbon dioxide is heavier than air. 


Bending Electrons 


If you can fñnd one, a black-and-white television or 
computer monitor shows this effect most vividÌy. n 
a color screen, you ÌÍ see color changes in addition to 
the distortions. Most televisions and monitors today 
are equipped with automatic “degaussers” that allevi- 
ate distortion from the magnets in a nearby audio 
speaker or even from the Earths magnetic field. 

Are the distordons you see the same for both 
ends of the magnet? 
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ExerCIses 


1: 


10. 


TẾ 


13. 


A cat strolls across your backyard. An hour 
later, a dog with its nose to the ground follows 
the trail of the cat. Explain what is going on 
from a molecular point of view. 


. IÝall the molecules ofa body remained part of 


that body, would the body have any odor? 


. Which are older, the atoms ¡n the body of an 


elderly person or those ¡n the body o£a baby? 


. Where did the atoms that make up a newborn 


baby origInate? 


. In what sense can you truthfully say that you 


are a part of every person around you 


. Considering how small atoms are, what are 


the chances that at least one of the atoms 
exhaled in your first breath will be in your 
last breath? 


. Describe how Lavoisier used the sclentilc 


approach (observation, questlons, hypothesis, 
predictions, tests, theory) in his development 
of the principle of mass conservatlon. 


.- Lavoisier heated a piece of tin on a floating 


block of wood covered by a glass jar. Às the tin 
decomposed, the water level inside the Jar rose. 
How did Lavoisier explain this result? 


. According to Proust, why is only 9 prams of 


water formed when 10 grams of oxygen reacts 
with l gram of hydrogen? 


Substances ÁA and B combine to make substance 
€. Substances C and B combine to make sub- 
stances A and D. Place the letter of each sub- 
stance next to the symbol that best describes ¡ts 
atomic or molecular structure: 


— @ Qà  vj c j2 vồ 


Proust noted that oxygen and hydrogen react In 
an 8:1 ratio, whereas Gay-Lussac noted that 
they react in a 1:2 ratio. ho was right? 
Defend your answer. 


._ Iwo of the substances In Exercise 10 are ele- 


ments and two are compounds. Which are 


which? 


A sample of Iron weiphs more after It rusts. 


\Why? 


14. 


lo), 


16. 


My. 


The following diagram depicts the reaction 
berween gaseous oxygen, Ô›, and gøaseous 
hydrogen, Hạ, to form water vapor, HO. 
What symbols and how many of them should 
be drawn ¡in the empty box? How many grams 
of water are formed under these conditions? 
How many grams of which chemical remain 
unreacted? 


How did Avogadro account for Daltons obser- 
vation that a given volume of oxygen gas has 
more mass than an equal volume of water vapor? 


If all atoms had the same mass, and 8 grams of 
oxygen still reacted with 1 gram of hydrogen, 
what would be the formula for water? 


The following diagrams depict the reaction 
berween gaseous chÏorine, CÏ;, and gaseous 
hydrogen, Hạ, to form gaseous hydrogen chỈo- 
ride, HCI. What should be drawn in the empty 
boxes? Spectfy the quantities beneath cach box. 
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Gas A 1s composed oÊ diatomic molecules (two 
atoms per molecule) of a pure element. Gas B ¡s 
composcd of triatomic molecules (three atoms 
per molecule) of another pure element. Á vol- 
ume of gas B ïs found to be three times more 
massive than an equal volume o£ gas A. How 
does the mass of an atom o£ gas B compare 
with the mass of an atom of gas A? 


Gas A Gas B 


Three times 
heavier than gas A 


Max Planck, a famous physicist of the early 
20th century, is quoted as saying, “Â new scien- 
tiÑc truth does not triumph by convincing Its 
opponents and making them see the light, but 
rather because its opponents eventually die and 
a new øeneration grows up.” Cite a case where 
this statement applies to the development of 
modern chemIstry. 


How mighrt PlanckS§ statement apply to politics 
or relipion? 


Of all the investigators presented ¡in this chap- 
ter, who was the youngest at the time of hs 
discovery besides Democritus and Aristotle? 


(See Table 3.2.) 


WWhy is it important for a chemist to know the 
relative masses of atoms? Why do we refer to 
relative masses rather than absolute masses? 
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If the particles oFa cathode ray had a greater 
electric charge, would the ray be bent more or 
less in a magnetic field? 


hy did Rutherford assume that the atomic 
nucleus was positively charged? 


NWhy does the ray of light in a neon sign bend 
when a magnet is held up to it? 


How does Rutherfords model of the atom 
explain why some of the alpha particles directed 
at the gold foil were deflected straipht back 


toward the source? 


Nhich of the following diagrams best represents 
the size of the atomic nucleus relative to the size 
of the atom: 


If two protons and two neutrons are removed 
from the nucleus of an oxygen-l6 atom, a 
nucleus of which element remains? 


You could swallow a capsule of germanium, 
Ge (atomic number 32), without ¡|| effects. 
Ifa proton were added to cach germanium 
nucleus, however, you would not want to 
swallow the capsule. Why? (Consult a periodic 
table of the elements.) 


[fan atom has 43 electrons, 56 neutrons, and 
43 protons, what is is approximate atomIc 
mass? What ¡s the name of this element? 


The nucleus of an electrically neutral iron atom 
contains 26 protons. How many electrons does 
this iron atom have? 


Evidence for the existence of neutrons địd not 
come until many years after the discoverles of 
the electron and the proton. Give a possible 
explanation. 


NWhich has more atoms: a l-pram sample of 
carbon-12 or a l-gram sample of carbon-13: 


Explain. 


WWhy are the atomic masses [isted In the pert- 
odic table not whole numbers? 
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Problems 


1. How many grams of water can be produced 
by the combination of 8 grams of oxygen and 
8 grams of hydrogen? 


2. How many grams of water can be produced 
from the combination of25 grams of hydrogen 
and 225 grams of oxygen? How much of which 
element will be left over? 


3. The isotope lithium-7 has a mass of 7.0160 
atomic mass units, and the isotope lithium-6 
has a mass of 6.0151 atomic mass units. GIven 
the information that 92.58 percent of alÏ 
lithium atoms found in nature are lithium-Z 
and 7.42 percent are lithium-ó, calculate the 
atomic mass of lithium, LÍ (atomic number 3). 


4. The element bromine, Br (atomic number 35), 
has two major isotopes o£ similar abundance, 
both around 50 percent. The atomic mass of 
bromine ¡s reported in the periodic table as 
79.904 atomic mass units. Choose the most likely 


set of mass numbers for these two bromine i¡so- 
topes: (a) 80Br, 81Br: (b) 72Br, 0Br; (c) 72Br, 8! Br, 


Answers to Calculation Corner 
Finding Out How Much of a Chemical Reacts 


1. The fáct that l4 grams nitrogen reacts fully 
with 3 grams of hydrogen gives you two 
Conversion ÍaCtOrs: 

l4 g nirogen 3 g hydrogen 

3 g hydrogen 14 g nitroeen 

se the second conversion factor to convert the 

7.0 grams of nitrogen to grams of hydrogen: 


7.0 g nitr6gen X J0 =1.5 g hydrogen 
lá g ntrøgen 


(See Appendix B for why 3.0 g ïs used rather 
than 3 g.) 


2. From the preceding answer, you know that 
7.0 grams of nitrogen reacts with 1.5 grams of 
hydrogen to form 7.0 grams + 1.5 grams = 
8.5 grams of ammonia. If 6.0 grams of hydro- 
gen 1s mixed with 7.0 prams oÊ nitrogen, only 
1.5 grams of that 6.0 grams reacts, so still 


only 8.5 grams oŸ ammonia is formed. A total 
of 6.0 grams — 1.5 grams = 4.5 grams of 
hydrogen remains unreacted. 


Calculating Atomic Mass 


Contributing  Contributing 


Mass of ?°C Mass of ?”C 
Fraction of 
Abundance 0.7553 0.2447 
Mass(amu) X 34.97 x< 36.95 
26.41 9.04 


atomic mass = 26.41 + 9.04 = 35.45 


Exploring Further 


Jean-Pierre Poirer (translated by Rebecca Balinski), 

Lauoisier: Chemist, Biologisd, Econozz¿s. Philadelphia: 

University of Pennsylvania Press, 1997. 
An authoritative and detailed look at the life 
and times of the father of modern chemistry. 
With an intriguing account of the dynamics 
leading to his execution, this book expÌores 
Lavoisiers life not only as a chemist but as an 
accountant, administrator, educator, and tax 
collector. 


Huph Salzburg, zøm CzUemam to Chemust: 
C7rcuwstances and AcD7euemneøs. Nashington, DC: 
American Chemical Soclety, 1991. 

An easy-to-read, informative, absorbing account 


of the history of chemistry. 


http://www.aip.org/history/electron/jjthomson.htm 
An in-depth presentation of the discovery of the 
electron by ]. J. Thomson. 


http://www.Woodrow.org/teachers/ci/1992/ 
A series of insiphtful biographies of historical 
fñgures in chemistry, written by participants at 
the 1992 Institute on the History of Chemistry 
and sponsored by the Ñoodrow Wilson 
Natonal Fellowship Foundation. 
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Know Nukes 


Nuclear power plants generate electricity in much the same way fossil-fuel 
power plants do. Water is heated to create steam that can be used to turn 
electricity-generating turbines. The fundamental difference between these 
two types of power plants is the fuel used to heat the water. A fossil-fuel 
plant burns fossil fuel, sụch as coal or petroleum, but a nuclear plant, such as 
the one shown in this chapters opening photograph, uses the heat created 
by nuclear fission to heat the water. 

The burning of fossil fuel is a chemical reaction, which, as you recall from 
Section 2.1, is a reaction that involves changes in the way atoms are bonded 
and results in the formation of new materials. For fossil fuels, these new 
materials are mostly carbon dioxide and water vapor. As we explore in future 
chapters, the only thing that determines the ability of atoms to form new 
materials in a chemical reaction is the atoms ability to share or exchange 
electrons—the atomic nuclei are not directly involved. The chemistry of an 
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Figure 4.1 


Chapter 4 The Atomic Nucleus 


atom is therefore more a function of its electrons than of its nucleus. Nuclear fis- 
sion, by contrast, involves nuclear reactions, which, as shown in the chapter open- 
ing photograph, involve the atomic nucleus. In this sense, the study of the atomic 
nucleus is not a primary focus of chemistry. 

Nuclear processes, however, have certainly impacted society and have raised 
many issues regarding our health, energy sources, and national security. At the 
same time, the atomic nucleus is one of the most misunderstood areas of science. 
Public fears about anything nuclear are much like the fears people had about elec- 
tricity a century ago. Since that time, however, society has determined that the 
benefits of electricity outweigh the risks. Today, we are making similar decisions 
about the risks and benefits of nuclear technology. In order that we make the best 
possible decisions, everyone should have an adequate understanding of the 
atomic nucleus and its processes. So, as part oŸ our study of the atom, we briefly 
turn to the atomic nucleus and the related concept of radioactivity. We shall then 
be set to revisit the nucleus in Chapter 19 when we study energy sources. 


4.1 The Cathode Ray Led to the Discovery of Radioactivity 


In 1896, the German physicist Wilhelm Roentgen (1845—1923) discovered 
a “new kind of ray” emanating from a point where cathode rays hit the gÌass 
surface of a high-voltage cathode ray tube. (Recall from Chapter 3 that a 
cathode ray is a beam of electrons.) Unlike cathode rays, these new rays 
were not defected by either an electric fñeld or a magnetic ñeld. Further- 
more, they could pass throuph opaque materlals. 

Roentgen discovered this latter property when he let the rays fall on a 
photographic plate wrapped in black paper thíck enough to keep all visible 
light from falling on the plate. A photographic plate is coated with light- 
sensitive chemicals, and when light falls on the chemicals, the plate is said 
to have been ¿x2øseZto the lipht. Light ¡s one form of radiation, as we shall 
learn in Chapter 5, and Roentgens rays are another form of radiation. 
Because the rays were able to pass through the liphtproof paper in which 
Roentgens plate was wrappcd, the rays exposed the plate, as Figure á.l 
shows. Not able to deduce the nature of these rays, Roentgen called them 
X tays. 


X rays 


X rays can pass through solid mate- 
rials. The denser a material, however, 
the greater its ability to block X rays. 
Bones, for example, are more effective 
at blocking X rays than is soft tissue. 
For this reason, the region of the plate 
lying below the bone parts of the 
hand are less exposed than are the 
regions lying below the tissue parts. 
As a result, the shadow of bones Photographic film enclosed 
shows up clearly on the plate. in lightproof holder 


Exposed and developed 
photographic fiÌm 
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A fecw months after Roentgen announced his discovery of X rays, the 
French physicist Antoine Henri Becquerel (1852—1908) experimented to 
see ¡f they were emitted by phosphorescent substances—those that gÌow 
in the dark after being exposed to bright lipht. One substance that 
appeared to confirm the idea that phosphorescence resulted in X rays was 
uranium. ÑWhen placed in the sunlight and on top o£a photographic plate 
wrapped in dark paper, uranium exposed the photographic plate much 
the way X rays from the cathode ray tube did. When cloudy weather 
forced Becquerel to suspend his research, he stored the uranium and a 
photographic plate together in a closed drawer. Several days later on a 
whim, he thought to develop the plate, and to his amazement, he saw 
something like what is shown ¡n Figure 4.2——the plate had been exposed 
to some sort of rays without sunlight or any other source of energy. The 
rays must have originated from the uranium! Subsequent experiments 
revealed that these rays emanating from the uranium had nothing to do 
with X rays or phosphorescence. 


Figure 4.2 

Becquerel noted that a piece of 
uranium left on a photographic 
plate wrapped in opaque black 
paper exposed the plate even in 
the absence of light. From this he 
deduced that the uranium was 
giving off some sort of radiation. 


Uranium 


\ 


Photographic film enclosed in lightproof paper and 
stored in total darkness 


Developed photographic film 


A couple of years later, one of Becquerel students, Marie Sklodowska 
Curie (1867—1934), shown in Figure 4.3, became keenly interested in this 
strange form of radiation. She showed that the radiaton was also emitted 
by several other elements known at the time and suggested that It should 
be possible to isolate yet undiscovered elements by studying any radiatton 
they might be emitting. Using chemical techniques, she and her husband, 
Pierre Curie (18591906), laboriously divided an 8-ton pile of uranium ore 


Figure 4.3 

For their work on radioactivity, 
(a) Becquerel and (b) the Curies 
shared the 1903 Nobel Prize in 
Physics. 
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into fractions, keeping those fractions giving offhigh levels of radiation and 
discarding the rest. The Curies used the term radioactivity to describc the 
tendency of these elements to emit radiation. Ultimately, they succeeded in 
isolating purifed samples of two new radioactive elements. Marie named 
the frst element øø/2zzzz after her native Poland and the second z0: 
because of its Intense radIoactivIty. 


The Three Major Products of Radioactivity 
Are Alpha, Beta, and Gamma Rays 


Atabout the time the Curies were isolating new radioactive elements, Ernest 
Rutherford discovered that there are at least two major forms oỀ radioactiv- 
ity, which he identifed as alpha rays and beta rays. Alpha rays, he found, 
consist of positively charged particles he called alpha particles. Às discussed 
in Secton 3.5, these are the particles he used ¡n his discovery of the atomic 
nucleus. An alpha particle is a combination of two protons and two neu- 
trons (in other word, it ¡s the nucleus ofa helium atom, atomic number 2). 
Beta rays he found to be identical to cathode rays. A beta particle therefore 
1s simplÌy another name for an electron ejected from a nucleus. 

Shortly after Rutherford had identifed alpha and beta rays, a third major 
form of radioactivity, gamma rays, was discovered by other investigators. 
Unlike alpha and beta rays, gamma rays carry no electric charge and have no 
mass. Ínstead, they are an extremelÌy energetic form of nonvisible light. 

As 1s shown in Figure 4.4, the three major types of radiation given off 
by radioactive materials can be separated by putting a magnetic fñield across 


their paths. 
Wu^ 


Gamma ray = ultrahigh-energy 
nonvisible light 
(no electric charge) 


Alpha particle = helium nucleus 
(+2 electric charge) 


Œ 


Beta particle = electron 
(—† electric charge) 


Radium sampie Lead block 


Figure 4.4 

The three most common forms of radiation coming from a radioactive substance are called 
by the first three letters of the Greek alphabet, œ, 6, >—alpha, beta, and gamma. In a magnetic 
field, alpha rays bend one way, beta rays bend the other way, and gamma rays do not bend at 
all. Note that the alpha rays bend less than do the beta rays. This happens because the alpha 
particles have more inertia (because they have more mass) than the beta particles. The source 
of all three radiations is a radioactive material placed at the bottom of a hole drilled in a lead 
block. 
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Alpha particles do not easily penetrate solid material because of their 
relatively large size and their double positive charge (+2). Because of their 
great kinetic energies, however, alpha particles can cause significant damage 
to the surface of a material, especially living tissue. As they travel through 
air, ven through distances as short as a few centimeters, alpha particles pick 
up electrons, slow down, and become harmless helium. Almost all the 
Earths helium atoms, including those in a helium balloon, were once ener- 
getic alpha particles ejected from radioactive elements. 

Beta particles are normally faster than alpha particles and not as easy 
to stop. Eor this reason, they are able to penetrate light materials such as 
paper and clothing. They can penetrate fairly deeply into skin, where they 
have the potential for harming or killing cells. They are not able to pene- 
trate deeply into denser materials, however, such as aluminum. Beta parti- 
cles, once stopped, become part of the material they are in, like any other 
electron. 

Like visible lipht, a gamma ray 1s pure enerey. [he amount o£ energy In 
a pamma ray ¡is much greater than the amount of energy ¡n visible lipht. 
Becausce they have no mass or electric charge and because of their high ener- 
Øles, gamma rays are able to penetrate through most materials. Hlowever, 
they cannot penetrate unusually dense materials such as lead, which absorbs 
them. The delicate molecules in body cells exposed to gamma rays suffer 
structural damage. Hence, gamma rays are generally more harmful to us 
than alpha or beta rays. 

Figure 4.5 shows the relative penetrating power of the three types of 
radiation, and Figure 4.6 shows an interesting practical use Íor gamma 
radiation. 


Figure 4.6 

The shelf life of fresh strawberries and other perishables is markedly increased when the food is 
subjected to gamma rays from a radioactive source. The strawberries on the right were treated 
with gamma radiation, which kills the microorganisms that normally lead to spoilage. The food 
is only a receiver of radiation and is in no way transformed to an emitter of radiation, as can be 


confirmed with a radiation detector. 


Radioactive 
SOurce 


Paper 


Aluminum 


Lead 


Figure 4.5 

Alpha particles are the least pene- 
trating form of radiation and can be 
stopped by a sheet of paper. Beta 
particles readily pass through paper 
but not through a sheet of aluminum. 
Gamma rays penetrate several cen- 
timeters into solid lead. 
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Medicine and 

diagnostics 15% 
Consumer products 
(television sets, 
smoke detectors) 4% 


Figure 4.7 
Origins of radiation exposure for an 
average individual in the United States. 


Concept Check v 


Pretend you are given three radioactive rocks—one an alpha emitter, one 
a beta emitter,and one a gamma emitter. You can throw one away, but of 
the remaining two, you must hold one in your hand and place the other in 
your pocket. What can you do to minimize your exposure to radiation? 


Was this Y0uF anSWer? Ideally you should get as far from all the rocks as possible. lf you must hold 
one and put one in your pocket, however, hold the alpha emitter because the skin on your hand will 
shield you. Put the beta emitter in your pocket because its rays might be stopped by the combined thick- 
ness of clothing and skin. Throw away the gamma emitter because its rays would penetrate deep into 
your body from either of these places. 


IÊN Radioactivity ls a Natural Phenomenon 


A common misconception Is that radioactivity is new ¡n the environment, 
but ít has been around far longer than the human rac. Ít is as much a part 
of our environment as the sun and the rain. It has always occurred ¡n the 
soil we walk on and ¡n the air we breathe, and it warms the interior of the 
Earth and makes it molten. The energy released by radioactive substances 
in the Earth§ interior heats the water that spurts from a geyser and the 
water that wells up from a natural hot spring. 

As Figure 4.7 shows, most of the radiation we encounter is natural back- 
ground radiation that orlginates in the Earth and in space and was present 
long before we humans got here. Even the cleanest air we breathe is somewhat 
radioactive as a result of bombardment by cosmic rays. At sea level, the pro- 
tective blanket of the atmosphere reduces backeground radiation, but at higher 
altitudes radiation is more Intense. In Denver, the “Mile-High City,” a person 
receives more than twice as much radiation from cosmIc rays as at sea level. A 
couple of round-trip fights between New York and San Francisco exposes us 
to as much radiation as we receive in a chest X ray at the doctors office. The 
air tưne o£ airline personnel is limited because of this extra radiation. 

Cells are able to repair most kinds of molecular damage caused by radi- 
atlon If the damage 1s not too severe. A celÏ can survive an otherwise lethal 
dose of radiation 1 the dose is spread over a long period of time to allow 
Intervals for healing. When radiation ¡s sufficient to kill cells, the dead cells 
can be replaced by new ones. Sometimes radiation alters the genetic infor- 
mation of a cell by damaging Irs DNA molecules (see Sectlon 13.5). New 
cells arising from the damaged cell retain the altered genetic information, 
which ¡s called a ø/zøn. Usually the effects of a mutation are insignifi- 
cant, but occasionally the mutation results in cells that do not function as 
well as unaffected ones, sometimes leading to a cancer. If the damaged 
DNA 1s ín an individuals reproductive cells, the genetic code o£ the indi- 
viduals offspring may retain the mutation. 


Rems Are Units of Radiation 


ÑWc measure the ability of radiation to cause harm in rems. Lethal doses 
of radiation begin at 500 rems. A person has about a 50 percent chance of 
surviving a dose of this magnitude received over a short period of time. 


4.2 Radioactivity Isa Natural Phenomenon 105 


During radiation therapy, a patient may receive localized doses in excess of 
200 rems cach day for a period of weeks (Figure 4.6). 

All the radiation we receive from natural sources and medical proce- 
dures is only a fraction of I rem. For convenience, the smaller unit 7/77: 
is used, where I millirem (mrem) ¡s 1/1000 of a rem. 

The average person ¡n the United States is exposed to about 360 mil- 
lirems a year, as Table 4.1 indicates. About 80 percent of this radiation 
comes from natural sources, such as cosmic rays (radiation Írom our sun as 
well as other stars) and the Earth. A typical diagnostic X ray expos€s 4 p€f- 
son to between 5 and 30 millirems (0.005 and 0.030 rem), less than 
1/10,000 of the lethal dose. Interestingly, the human body is a significant 
source of natural radiation, primarily from the potassium we Ingest. Qur 
bodies contain about 2 kilograms of potassium. Of this quantity, about 
20 milligrams is the radioactive isotope potassium-40, a beta-ray emitter. [n 
a human body, about 60,000 potassium-40 atoms emIt pulses oÊ radloac- 
tivity in the time ít takes the heart to beat oncc. 


Table 4.1 


Annual Radiation Exposure 


Typical Amount 
Received in One Year 
Source (millirems) 
Natural Origin 
Cosmic radiation 26 
Ground 33 
Air (radon-222) 198 
Human tissues (potassium-40; radium-226) 35 
Human Origin 
Medical procedures 
Diagnostic X rays 40 
Nuclear medicine 15 
Television tubes,other consumer products 11 
Weapons-test fallout 1 


—— —==—.—Ƒ—  ——— 


Figure 4.8 

Nuclear radiation is focused on harmful 
tỉssue, sụuch as a cancerous tumoï, to 
selectively kill or shrink the tissue in a 
technique known as radiation therapy. 
This application of nuclear radiation 
has saved millions of lives—a clear-cut 
example of the benefits of nuclear 
technology. The inset shows the inter- 
national symbol indicating an area 
where radioactive material is being 
handled or produced. 
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Figure 4.9 
A commercially available radon test kit 
for the home. 


Fertilizer with radioactive Radioactivity detected in plant 
isotope applied to crop 


Figure 4.10 
Tracking fertilizer uptake with a 
radioactive isotope. 


The leading source of naturally occurring radiation, however, is radon- 
222, an inert gas arising from uranium deposits. Radon is heavier than air 
and therefore tends to accumulate in basements after it seeps up throuph 
cracks in the foor. Levels of radon vary from region to region, depending on 
local geology. You can check the radon level in your home with a radon 
detection kít like the one shown in Eigure 4.9. If levels are abnormally h¡ph, 
corrective measures, such as sealing the basement foor and walls and main- 
taining adequate ventilation, are recommended. The U.S. Environmental 
Protection Agency projects that anywhere from 7000 to 30,000 cases of lung 
cancer cach year are attributed to radon exposure. Smokers who inhale the 
radon that occurs naturally in tobacco smoke are at particularly h¡ph risk. 

About one-ffth of our annual exposure to radiation comes Ífom non- 
natural sources, primarily medical procedures. Ielevision sets, fallout from 
nuclear testing, and the coal and nuclear power industries are minor but 
signifcant non-natural sources. [nterestingly, the coal industry far outranks 
the nuclear power industry as a source o£ radiation. The global combustion 
of coal annually releases into the atmosphere about 13,000 tons oÊ radioac- 
tive thorium and uranium. Worldwide, the nuclear power industries gener- 
ate about 10,000 tons of radioactive waste cach year. Most of this waste 1s 
contained, however, and ¡s øzø released into the environment. Ás we explore 
in Chapter 19, where to bury this contained radioactive waste 1s a heated 
issue yet to be resolved. 


4.5 Radloactve lsotopes Are Useful 
as Tracers and for Medical Imaging 


Radioactive isotopes can be incorporated into molecules whose location can 
then be traced by the radiation they emit. hen used in this way, radioactive 
isotopes are called /cezs, and Figure 4. I0 shows one use. lo check the action 
of a fertllizer, researchers incorporate radioactive 
Isotopes Into the molecules of the fertilizer and then 
apply the fertilizer to plants. The amount taken up 
by the plants can be measured with radiation detec- 
tors. From such measuremenrs, sclentists can tell 
farmers how mụuch fertilizer to use because fertilizer 
uptake ¡s a physical and chemical process that ¡s 
not affected by the radioactivity of the materials 
Iinvolved. 

Tracers are also used ¡in industry. Motor oil 
manufacturers can quantify the lubricating qualities 
of thetr products by running oiÏ in engines contain- 
¡ng small but measurable amounts of radioactive 
Isotopes. Ás the engine runs and the pistons rub against the Inner chambers, 
some of the metal from the engine Invariably makes its way Into the motor 
oll, and this metal carries with it the embedded radioactive isotopes. The bet- 
ter the lubricating qualities of a motor oil, the fewer radioactive isotopes it 
wilÏ contain after running in the engine for a given length of time. 

In a technique known as 7£27c2/2?2g7nø, tracers are used in medicine for 
the diagnosis of internal disorders. Small amounts of a radioactive material, 


4.3 Radioactive lsotopes Are Useful as Tracers and for Medical Imaging 107 


Hands-On Chemistry: Personal Radiation 


We all live with radiation. lt was in our environment well before the discovery 
of the atom and even before the first human civilization. Recent technologies, 
however, have increased our exposure. Use the following worksheet to esti- 
mate your annual exposure. 


Annual 
Source Exposure 
1. Cosmic rays 
Enter value for altitude of location where you live: 30_ mrem 
Sea level = 30 mrem 
500 m (1650 ft) = 35 mrem 
1000 m (3300 ft) = 40 mrem 
2000 m (6600 ft) = 60 mrem 
Airline travel: Hours you fly each year x 0.6 mrem 3 _ mrem 
2. Ground: enter value for location where you live: 23_ mrem 
Coastal state = 23 mrem 
Rocky Mountain Plateau = 90 mrem 
AIlI other U.S. regions = 46 mrem 
3. Air (radon-222): _ 198  mrem 
4. Food and water: _ 40 mrem 


5. Building materials 
(brick = 7 mrem; wood = 4 mrem; concrete = 8 mrem) 


Your house. 7 _ mrem 
Your place of work 7__ mrem 
6. Medical and dental diagnostics mrem 


X rays = 20 mrem per visit 

Gastrointestinal X rays = 200 mrem per visit 
Dental X rays = 10 mrem per visit 
Radiation therapy (ask your radiologist) 


Fallout from nuclear weapons testing †_ mrem 

lf you live within 50 miles of a nuclear power plant, 

add 0.009 mrem 0.009_ mrem 
9. lÝyou live within 50 miles of a coal power plant, 

add 0.03 mrem 0.03__ mrem 

Grand total _ 309_ mrem 


Data from the U.S. Environmental Protection Agency and the National Council for Radiation 
Protection. See the Web page http://www.epa.gov/rpdweb00/students/calculate.html for a more 
detailed calculation. s 


suụch as sodium iodide, Nal, which contains the radioactive isotope Iodine- 
131, are administered to a patient and traced through the body with a radia- 
tion detector. The result, shown in Figure 4.11, is an image that shows how 
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Figure 4.11 

The thyroid gland, located in the neck, 
absorbs much of the iodine that enters 
the body in food and drink. This image 
of the gland was obtained by giving a 
patient the radioactive isotope Iodine- 
131. Such images are useful in diag- 
nosing metabolic disorders. 


the material is distributed in the body. This technique works because the 
path the tracer material takes is infuenced only by its physical and chemi- 
cal properties, not by its radioactivity. The tracer may be introduced alone 
or along with some other chemical, known as a c277/7 cøpow#¿, that heÌps 
target the isotope to a particular type of tissue in the body. 

Table 4.2 lists the uses ofa number of radioactIive isotopes. 


Table 4.2 


Uses for various radioactive isotopes 


lsotope Usage 

Calcium-47 Used in the study of bone formation in mammals 

Californium-252 Used to inspect airline luggage for explosives 

Hydrogen-3 (tritium) Used for life-science and drug-metabolism studies to ensure 
safety of potential new drugs 

lodine-131 Used to diagnose and treat thyroid disorders 

lridium-192 Used to test integrity of pipeline welds, boilers, and aircraft parts 

Thallium-201 Used in cardiology and for tumor detection 

Xenon-133 Used in lung-ventilation and blood-flow studies 


Source: Nuclear Regulatory Council 


4.4 Radioadivity Results from an 
Imbalance of Forces in the Nucleus 


WWe know that electric charges of like sign repel one another. So how Is it pos- 
sible that all the positively charged protons of the nucleus can stay clumped 
toecther? Thịs question led to the discovery of an attracuve force called the 
strong nuclear force, which acts between all nucleons. This Íorce is very 
strong but only over extremely short distances (about 10—!2 meter, the diam- 
eter of a typical atomic nucleus). Repulsive electrical interactions, on the 
other hand, are relatively long-ranged. Figure 4.2 compares the streneth of 
these two forces over distance. For protons that are close together, as in a 


Strong nuclear force Electric force Strong nuclearforce  Electric force 
(attractive) (repulsive) (attractive) (repulsive) 
Insignificant Significant| |Insignificant  Significant Insignifcant  Significant| |lnsignificant  Signifñicant 


_= 


(a) 
Figure 4.12 


(a) Two protons near each other experience both an attractive strong nuclear force and a repulsive 
electric force. At this tỉny separation distance, the strong nuclear force overcomes the electric force, 
and as a result the protons stay close together. (b) When the two protons are relatively far from 
each other, the electric force is more significant than the strong nuclear force, and as a result the 
protons repulse each other. lt is this proton-proton repulsion in large atomic nuclei that causes 
radioactivity. 


TẾ 
(b) 


4.4 Radioactivity Results from an Imbalance of Forces in the Nucleus 


small atomic nucleus, the attractive strong nuclear force easily overcomes the 
repulsive electric force. For protons that are far apart, like those on opposite 
edges of a large nucleus, the attractive strong nuclear force may be smaller 
than the repulsive electric force. 

Because the strong nuclear force decreases over distance, a large nucleus 
1s not as stable as a smalÏ one, as shown in Figure 4.13. In other words, a large 
atomic nucleus is more susceptible to falling apart and emitting either high- 
enerey particles or gamma rays. This process is radioactivity, which, because 
it Involves the decay of the atomic nucleus, is sometimes also called z⁄2⁄ø- 
actIUe deca). 


„ ÑÐ 


(a) Nucleons close together (b) Nucleons far apart 


Figure 4.13 

(a) All nucleons in a small atomic nucleus are close to one another; hence, they experience an 
attractive strong nuclear force. (b) Nucleons on opposite sides of a large nucleus are not as close 
to one another, and so the attractive strong nuclear forces holding them together are much 
weaker. The result is that the large nucleus is less stable. > 


Neutrons serve as “nuclear cement” holding the atomic nucleus together. 
Protons attract both other protons and neutrons by the strong nuclear force, 
but they also repel other protons by the electric force. Neutrons, on the 
other hand, have no electric charge and so only attract protons and other 
neutrons by the strong nuclear force. The presence of neutrons therefore 
adds to the attraction among nucleons and helps hold the nucleus together, 
as illustrated in Figure 4. lá. 


” 


All nucleons, both protons and Only protons repel one another 
neutrons, attract one another by by the electric force. 
the strong nuclear force. 


Figure 4.14 
The presence of neutrons helps hold the atomic nucleus together by increasing the effect of the 


attractive strong nuclear force, represented by the single-headed arrows. 
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The more protons there are in a nucleus, the more neutrons are needed 
to help balance the repulsive electric forces. For light elements, it is suffi- 
cient to have about as many neutrons as protons. The most common 1sO- 
tope of carbon, carbon-12, for instance, has six protons and six neutrons. 
For large nuclei, more neutrons than protons are required. Remember that 
the strong nuclear force diminishes rapidly with increasing distance 
berween nucleons. Nucleons must be practically touching ¡in order for the 
strong nuclear force to be efective. Nucleons on opposite sides of a large 
atomic nucleus are not as attracted to one another. The electric force, how- 
ever, does not diminish by much across the diameter ofa large nucleus and 
so begins to win out over the strong nuclear force. To compensate for the 
weakening of the strong nuclear force across the diameter of the nucleus, 
large nuclei have more neutrons than protoris. Lead, for example, has about 
one and a haÏf times as many neutrons as protons. 


Concept Check v 


Two protons in an atomic nucleus repel each other, but they are also 
attracted to each other. Explain. 


Was this Y0uF answer? Two protons in a nucleus repel each other by the electric force, true, but 
they also attract each other by the strong nuclear force. Both forces act simultaneously. So long as the 
attractive strong nuclear force ¡s more influential than the repulsive electric force, the protons remain 
together. Under conditions where the electric force overcomes the strong nuclear force, the protons fly 
apart. 


Neutrons are stabilizing, and large nuclei require an abundance of 
them. Neutrons, however, are not always successful in keeping a nucleus 
intact, for two reasons. First, neutrons are not stable when they are by 
themselves. A lone neutron wilÌl spontaneously transform to a proton and 
an electron, as shown in Eigure 4.15a. A neutron seems to need protons 
around to keep this from happening. After the size of a nucleus reaches a 


New proton formed Alpha particle emitted 
from neutron 


Electron (beta 
© bparticle) ejected 
from neutron 


Figure 4.15 

(a) A neutron near a proton is stable, bụt a neutron by itself is unstable and decays to a proton 
by emitting an electron. (b) Destabilized by an increase in the number of protons, the nucleus 
begins to shed fragments, such as alpha particles. 


4.5 A Radioactive Element Can Transmute to a Different Element 


certain point, there are so many more neutrons than protons that there are 
not enouph protons in the mix to prevent the neutrons from turning into 
protons. Às neutrons in a nucleus change to protons, the stability of the 
nucleus decreases because the repulsive electric force becomes more and 
more significant. The result is that pieces of the nucleus frayment away ¡n 
the form of radiation, as Figure 4.15b shows. 

The second reason the stabilizing effect of neutrons ¡s limited ¡s that 
any proton In the nucleus is attracted by the strong nuclear force only to 
adjacent protons but ¡is electrically repelled by all other protons In the 
nucleus. ÀAs more and more protons are squeezed ¡nto the nucleus, the 
repulsive electric forces increase substantially. For example, each of the two 
protons in a helium nucleus feels the repulsive effect of the other. Each pro- 
ton in a nucleus containing 84 protons, however, feels the repbulsive effects 
of 83 protonsl The attractive nuclear force exerted by cach neutron, how- 
ever, extends onÌy to its immediate neighbors. The size of the atomic 
nucleus ¡s therefore limited. This in turn limits the number of possible ele- 
ments in the periodic table. It ¡s for this reason that all nuclei having more 
than 83 protons are radioactive. Also, the nuclei of the heaviest elements 
produced ¡n the laboratory are so unstable (radioactive) that they exist for 
only fractions of a second. 


Concept Check v 


Which is more sensitive to distance: the strong nuclear force or the electric 
force? 


Was this YOU anSW€F? The strong nuclear force weakens rapidly over relatively short distances, 
but the electric force remains powerful over such distances. 


Small nuclei also have the potential for being radioactive. This gener- 
ally occurs when a nucleus contains more neutrons than protons. TM 
nucleus of carbon-14, for example, contains eipht neutrons but only six 
protons. With not enough protons to go around, one of the neutrons 
Iinevitably transforms to a proton, releasing an electron (beta radiation) In 
the process. 


TC —————————————————- 


45_ A Radioactive Element Can Transmute 
to a Different Element 


WVhen a radioactive nucleus emits an alpha or beta particle, the identity of 
the nucleus is changed because there ¡s a change in atomic number. The 
changing of one element to anofher ¡s callcd transmutation. Consider a 
uranium-238 nucleus, which contains 92 protons and 146 neutrons. hen 
an alpha particle is ejected, the nucleus Ìoses two protons and two neutrons. 
Because an element ¡s deRned by the number of protons In its nucleus, the 
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90 prorons and 144 neutrons left behind are no longer identifed as being 
uranium. WWhat we have now ¡s a nucleus o£a different element——thorium. 
Thịs transmuration can be written as a nuclear equatIon: 


238 <<... 
saU "an TH + H 


This equation shows that “jŠ U transmutes to the two elements written to 
the ripht of the arrow. When this transmutation happens, energy ¡s released, 
partly in the form of gamma radiation and partly in the form of kinetic 
energy in the alpha particle (He) and the thorium atom. In this and all 
other nuclear equations, the mass numbers balance (238 = 23⁄4 + 4) and 
the atomic numbers also balance (92 = 90 + 2). 

Thorium-234 is also radioactive. When ¡t decays, it emits a beta parti- 
cle. Recall that a beta particle is an electron emitted by a neutron as the neu- 
tron transforms to a proton. So with thorium, which has 90 protons, beta 
emission leaves the nucleus with one fewer neutron and one more proton. 
The new nucleus has 91 protons and ¡s no longer thorium; now ít ¡s the ele- 
ment protactinium. Although the atomic number has increased by 1 in this 
process, the mass number (protons + neutrons) remains the same. The 
nuclear equation Is 


+ #@© 

920 @ 1 
———¬. + 169 

144 @ 143 
“0 Th =- "- 


Wc write an electron as _Ÿe. The superscript 0 indicates that the electronis 
mass is insignificant relative to that oŸ protons and neutrons. The subscript 
—] Is the electric charge of the electron. 

So we see that when an element ejects an alpha particle from its nucleus, 
the mass number of the remaining atom ¡s decreased by 4 and its atomic 
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number is decreased by 2. The resulting atom is an atom of the element rwo 
spaces back in the periodic table because this atom has two fewer protons. 
WWhen an element ejects a beta particle from its nucleus, the mass of the 
atom 1s practically unaffected, meaning there is no change in mass number, 
but its atomic number increases by 1. The resulting atom ¡1s an atom of the 


element one place forward in the periodic table because it has one more 
proton. 


The decay of “jổU to ?§SPb, an isotope of lead, ¡s shown ¡in Eigure 


4.16. Each blue arrow be an alpha decay, and cach red arrow shows a 
beta decay. 


238 
234 
230 
226 


222 


Atomic mass 


210 


Figure 4.16 

Uranium-238 decays to lead-206 
through a series of alpha (blue) and 
Atomic number beta (red) decays. 


Concept Check v 


1. Complete the nuclear reactions (a)2ŸRa —> ?? + _Ÿe and 
(b)249Po —> ?§§Pb + ; du 
2. What finally becomes of all the uranium that undergoes radioactive 


decay? 


Me these youF answers? 
. (a) 2§Ra—>2|lAt + _Ÿe; and (b)219Po —> ?§§Pb + 2He. 
All uranium nhí Sr5y becomes lead, On the way, it exists as the elements shown ïn Figure 4.16. 
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1 fi—sample of 
radium-226 


Sample mass (kg) 


1620 3240 4860 
Years 


Figure 4.17 

Radium-226 has a half-life of 1620 
years, meaning that every 1620 years 
the amount of radium decreases by 
half as the radium transmutes to other 
elements. 


the Greater the Radioactivity 


The rate of decay ofa radioactive isotope is measured in terms of a charac- 
teristic time called the halfFlife. This ¡s the time it takes for half of the 
material in a radioactive sample to decay. For example, Figure 4.17 shows 
that radium-226 has a half-life of 1620 years. This means that half ofFa sam- 
ple of radium has decayed to other elements by the end of 1620 years. In 
the next 1620 years, half of the remaining radium decays, leaving only one- 
fourth the oripinal amount. 

Half-lives are remarkably constant and not affected by external con- 
ditions. Some radioactive isotopes have half-lives that are less than a mil- 
lionth of a second, while others have half-lives of more than a billion 
years. For example, uranium-238 has a half-life of 4.5 billion years, which 
means that in 4.5 billion years, half the uranium in the Earth today will 
be lead. 

Ít is not necessary to wait throuph the duration o£a half-life in order to 
measưure it. he half-life of an element can be accurately estimated by mea- 
suring the rate of decay of a known quantity of the element. This 1s easily 
done using a radiation detector. In general, the shorter the half-life of a sub- 
stance, the faster it disinteprates and the more radioactivity per minute 1s 
detected. Figure 4.18 shows a Geiger counter being used by environmental 
WOIke€rs. 


Figure 4.18 
A Geiger counter detects incoming radiation by the way the radiation affects a gas enclosed in 
the tube that the technician is holding in his right hand. 


4.6 The Shorter the Half-Life,the Greater the Radioactivity 


Hands-On Chemistry: Radioactive Paper Clips 


You can simulate radioactive decay with a bunch of paper clips representing 
atoms of a radioactive element. The “atoms“” are thrown onto a flat surface. The 
ones that land in a certain orientation are imagined to have decayed and so 
are now atoms of a different element. Decayed atoms are removed from the 


pile and not used for successive throws. This process is continued until all the 
atoms have decayed. 


What You Need 
At least 20 metal paper clips, paper, pencil 
Procedure 


(Ð Unfold the two loops of each clip by 90 degrees so that the loops are 
at right angles to each other. Pull the end of the larger loop outward 
by 90 degrees to form a structure that looks like the drawing at right. 

The orientation drawn on the top we'†ll call the leg-up orienta- 
tion. Rotate the upward-pointing “leg” 90 degrees, and yoưTll have the 
orientation drawn on the bottom, which we†ll call the head-up orienta- 
tion. You will be investigating the half-life of two pretend elements. The 
first, “legonium,” decays when it lands in the leg-up orientation. The 
second,“headonium,“decays when it lands in the head-up orientation. 


@ Youll do two simulations similar to the one at right, one for legonium 
and one for headonium, and each simulation will involve five trials. For 
each trial, create a data table consisting of two columns, the first 
labeled “Throw” and the second labeled “Number of atoms remaining.” 
In the row numbered zero, write the number of paper clips you start 
with (at least 20) in the column labeled “Number of atoms remaining.” 


@ Pretending each paper clip is a legonium atom, toss all of them onto a 
flat surface. Remove all the atoms in the leg-up orientation and write 
down the number remaining in the row numbered 1 of the data table, 
for trial 1. Continue until all the legonium atoms have been removed. 
This completes one trial, and so you need to run four more because 
there will be a lot of statistical variation. Count the number of throws 
required to remove all atoms in each trial and calculate an average. 


@® Repeat the procedure, now pretending the paper clips are headonium 
atoms. The paper clips removed will be the ones that fall in the head- 
Up Orientation. 

Compare the legonium trials with the headonium trials. Half- 
life is given in units of time, but for this simulation the units are differ- 
ent. What are they? Estimate the half-life of legonium and headonium. 
Which element is more radioactive? 

lf you were an atom in a sample of a radioactive element that 
has a half-life of 5 minutes, would you necessarily be decayed to 
another type of atom after 5 minutes? 


Conceptual 
Chemistru 
c4 0014 
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Concept Check T/ 


1. lf you have a sample of a radioactive isotope that has a half-life of one 
day, how much of the original sample is left at the end of the second 
day? The third day? 

2. What becomes of the atoms of the sample that decay? 

3. With equal quantities of material,which gives a higher counting rate on 
a radiation detector, radioactive material that has a short half-life or 
radioactive material that has a long half-life? 


Were these your answers? 

1. At the end of two days, one-fourth of the original sample is left——one-half disappears by the end of 
the first day, and one-half of that one-half (1⁄2 x 1⁄2 = 1⁄4) disappears by the end of the second day. 
At the end of three days, one-eighth of the original sample is left. 

2. The atoms that decay are now atoms of a different element. 

3. The material with the shorter half-life is more active and so gives a higher counting rate. 


4.7 lsotopIc Dating Measures the Age of a Material 


The EarthS atmosphere ¡s continuously bombarded by cosmic rays, and 
this bombardment causes many atoms in the upper atmosphere to trans- 
mute. These transmutations result in many protons and neutrons being 
“sprayced out” into the environment. Most of the protons are stopped as 
they collide with the atoms of the upper atmosphere. By stripping electrons 
from these atoms, the colliding protons become hydrogen atoms. The neu- 
trons, however, keep going for longer distances because they have no elec- 
tric charge and therefore do not interact electrrcally with matter. Eventually, 
many of them collide with atomic nuclei in the lower atmosphere. Á nitro- 
gen that captures a neutron, for instance, becomes an isotope of carbon by 
emitting a proton: 
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Thịs carbon-l4 isotope, whích makes up less than one-millionth of 1 per- 
cent of the carbon in the atmosphere, is radioactive and has eight neutrons. 
(The most common isotope, carbon-12, has six neutrons and is not radioac- 
tive.). Because both carbon-12 and carbon-14 are forms of carbon, they have 
the same chemical properties. Both of these isotopes, for example, form car- 
bon dioxide, whích is taken in by plants. This means that all plants contain 
a tìny bít of radioactive carbon-l4. All animals eat either plants or plant- 
cating animals, and therefore all animals have a little carbon-14 in them. In 
short, all living things on the Earth contain some carbon-]á. 
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Carbon-l4 ¡s a beta emitter and decays back to nitrogen: 
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Because plants take in carbon dioxide as long as they live, any carbon-l4 
lost to decay ¡s Immediately replenished with fresh carbon-l4 from the 
atmosphere. In this way, a radioactive equilibrium is reached where there is 
a constant ratio of about one carbon-l4 atom to every 100 billion carbon- 
12 atoms. ÑWhen a plant dies, replenishment of carbon-l4 stops. Then the 
percentage of carbon-l4 decreases at a constant rate given by ¡ts half-life, 
but the amount of carbon-12 does not change because this isotope does not 
undergo radioactive decay. The longer a plant or other organism ¡s dead, 
therefore, the less carbon-14 it contains relative to the constant amount of 
carbon-12. 

The half£li of carbon-1á is about 5730 years. This means that haÏf of 
the carbon-l4 atoms now present in a plant or animal that dies today wIll 
decay in the next 5730 years. Half of the remaining carbon-l4 atoms will 
then decay in the following 5730 years, and so on. 

With this knowledge, scientists are able to calculate the age of carbon- 
COntaining artifacts, such as wooden tools or the skeleton shown in Fig- 
ure 4.19, by measuring their current level of radioactivity. Thĩs process, 
known as carbon-14 dating, enables us to probe as much as 50,000 years 
into the past. Beyond this time span, there 1s too little carbon-l4 remain- 
¡ng to permit an accurate analysis. (Understanding the local geology 1s 
another important tool used by archeologists in the dating oÊ anclent 
relics.) 


22,920 years ago 17,190 years ago 11,460 years ago 5730 years ago Present 


Figure 4.19 
The amount of radioactive carbon-14 in the skeleton diminishes by one-half every 5730 years, 


with the result that today the skeleton contains only a fraction of the carbon-14 it originally 
had. The red arrows symbolize relative amounts of carbon-14. 
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Figure 4.20 

Carbon-14 dating was developed 

by the American chemist William F. 
Libby (1908-1980) at the University of 
Chicago in the 1950s. For this work he 
received the Nobel Prize in Chemistry 
in 1960. 


Carbon-14 dating would be an extremely simple and accurate dating 
method if the amount of radioactive carbon ¡n the atmosphere had been 
constant over the ages, but it hasnt been. Fluctuations in the magnetic field 
of the sun and in that of the Earth cause fuctuations in cosmic-ray Inten- 
sity in the EarthS atmosphere. These ups and downs in cosmic-ray inten- 
sity in turn produce fÑuctuations in the amount of carbon- 14 in the atmos- 
phere at any given time. In addition, changes in the Earths climate affect 
the amount of carbon dioxide in the atmosphere. As we explore in Chap- 
ter 18, the oceans are great reservoirs of carbon dioxide. When the oceans 
are cold, they release less carbon dioxide into the atmosphere than when 
they are warm. Because of all these Ñuctuations ¡n the carbon-l4 produc- 
tion rate throuph the centuries, carbon-lá dating has an uncertainty of 
about 15 percent. This means, for example, that the straw ofan old adobe 
brick dated to be 500 years old may really be only 425 years old on the low 
side or 575 years old on the hiph side. For many purposes, this is an accept- 
able level of uncertainty. 


Concept Check v 


Suppose an archeologist extracts 1.0 g of carbon from an ancient ax 
handle and finds that carbon to be one-fourth as radioactive as 1.0 g of 
carbon extracted from a freshly cut tree branch. About how old is the ax 
handle? 


Was this Y0uUuF ansWef? The age of the ax handle is equal to two half-lives of 14C; thats 2 X 
5730 years ~11,000 years old. 


Scientists use radioactive minerals to date very old nonliving things. 
The naturally occurring mineral isotopes uranium-238 and uranium-235 
đecay very slowly and ultimately become lead—but not the common Iso- 
tope lead-208. Instead, as was shown in Figure lá.1ó, uranium-238 decays 
to lead-206. Urantum-235, on the other hand, decays to lead-207. Thus 
the lead-206 and lead-207 that now exist in a uranium-bearing rock were 
at one time uranium. The older the rock, the higher the percentage of these 
Temnant isotopes. 

If you know the halfFlives of uranium isotopes and the percentage of lead 
IsOtopes In some uranium-bearing rock, you can calculate the date the rock 
was formed. Rocks dated ¡n this way have been found to be as much as 3.7 
b7llzon years old. Samples from the moon have been dated at 4.2 billion years, 
which is close to the estimated age of our solar system: 4.6 billion years. 


4.8 Nudear Fission ls the Splitting of the Atomic Nucleus 


In 1938, two German sciIentists, ©tto Hahn (1879—1968) and Eritz Strass- 
mann (1902-1980), made a discovery that was to change the world. While 
bombarding a sample of uranium with neutrons in the hopes of creating 
heavier elements, they were astonished to find chemical evidence for the pro- 
ducton of barium, an element having about haÏlf the mass of uranium. 
Hahn wrote of this news to his former colleague Lise Meitner (1878—1968), 
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who had Red from Nazi Germany to Sweden because of her Jewish ancestry. 
From Hahn$s evidence, Meitner concluded that the uranium nucleus, acti- 
vated by neutron bombardmenrt, had split In haÏlf. Soon thereafter, Meitner, 
working with her nephew Otto Frisch (1904-1979), published a paper in 
which the term 7eleaz ƒss2ø7 was coined. 

In the nucleus there exist both the attractive strong nuclear forces 
between nucleons and repulsive electric forces between protons. In all 
known nuclei, the strong nuclear forces dominate. As was discussed in Sec- 
tion 4.4, in many large nuclei this domination ¡s easily lost and radioactive 
decay may occur. For a select number of large nuclei, however, another 
possibility exists. For example, a uranium-235 nucleus hit with a neutron 
elongates as shown ¡n Figure 4.21. In a nucleus stretched into this elon- 
gated shape, the strong nuclear force weakens substantially because of the 
increased distance between opposite ends. The repulsive electric Íorces 
between protons remain powerful, however, and these forces may elongate 
the nucleus even more. l£ the elongation passes a certain point, the electric 
forces overwhelm the distance-sensitive strong nuclear Íorces and the 
nucleus splits into /g⁄zw. Typically, there are two laree Íragments 
accompanied by several smaller ones. This splitting o£a nucleus Into Írag- 
ments is nuclear fssion. 

The energy released by the ñssion of one uranium-235 nucleus is enor- 
mous—about seven million times the energy released by the explosion of 
one TNT molecule. This energy 1s mainly in the form of kinetic energy of 
the fssion fragments, which fy apart from one another. Á much smaller 
amount of energy ¡s released as gamma radiation. 


Neutron Lớ 
Collision 


“ 


Nucleus 

ñ) The greater force is () Critical deformation @®) The greater force is the 
the strong nuclear OCCUFS. electric force, which results 
force. in a splitting of the nucleus. 


Here is the equation for a typical uranium Íssion reaction: 
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Figure 4.21 

Nuclear deformation may result in 
repulsive electric forces overcoming 
attractive strong nuclear forces, in 
which case fission occurs. 
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Figure 4.22 
A chain reaction. 


Figure 4.23 
Only 1 part in 140 of naturally occur- 
ring uranium is uranium-235. 


Note in this reaction that one neutron starts the fission of the uranium 
nucleus and that the fssion produces three neutrons. (Ít is also possible for 
a given fission event to produce either fewer than three neutrons or mor€ 
than three.) These product neutrons can cause the fissioning of three other 
uranium atoms, releasing nine more neutrons. If cach of these 9 neutrons 
succeeds in splitting a uranium atom, the next step in the reaction produces 
27 neutrons, and so on. Such a sequence, illustrated in Figure 4.22, ¡s called 
a chain reaction—a self-sustaining reaction in which the products of one 
reaction event stimulate further reaction evens. 


* Neutron 
“2 *°U nucleus @ Go .x 


 riscion fragment 


Chain reactions do not occur to any great extent in naturalÌy occurring 
uranium ore because not alÏ uranium atoms ñssion so caslly. Fisslon ocCurs 
mainly ín the isotope uranium-235, which ¡s rare and makes up only 0.7 
percent of the uranium in pure uranium metal (Figure 4.23). When the 
more abundant Isotope uranium-238 absorbs neutrons created by fssion of 
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a uranium-235 atom, the uranium-238 typically does not undergo fssion. 'ss.. 
So any chain reaction getting set up ¡n the uranium-235 atoms in an ore 
sample is snuffed out by the neutron-absorbing uranium-238, as well as by 
other neutron-absorbing elements in the rock in which the ore ¡s imbedded. 
Ifa chain reaction occurred ¡n a baseball-sized chunk of pure uranium- +. 

235, an enormous explosion would result. If the chain reaction were started Timnfi "Me." 
in a smaller chunk of pure uranium-235, however, no explosion would 

occur. This is because of geometry: the ratio of surface area to mass is larger 
in a small piece than in a large piece. Just as there is more skin on six small 
potatoes having a combined mass of 1 kilogram than there is on a sinple 
1-kilopram potato, there is more surface area on a bunch of smaller pieces 
of uranium-235 than on a large piece. In a small piece of uranium-235, 
therefore, neutrons have a greater chance of reaching the surface and escap- 
Ing before they cause additional ñssion events, as Figure 4.24 illustrates. Ín 
a bigger piece, the chain reaction builds up to enormous energies before the 
neutrons get to the surface and escape. For masses greater than a certain 
amount, called the critical mass, an explosion of enormous magnitude 


Neutrons trigger more reactions 
within large lump of uranium-235 


Figure 4.24 
This exaggerated view shows that a 


may take place. chain reaction in a small piece of pure 
Consider a large quantity of uranium-235 divided into two pleces, each uranium-235 runs its course before it 
having a mass smaller than critical. The units are sz#cz//ez/. Neutrons in Sapa. 
F : › | : neutrons leak from the surface too 
either piece readily reach the surface and escape before a sizable chain reac- soon. The surface area of the smaill 
tion builds up. IÝ the pieces are suddenly pushed together, however, the piece is large relative to the mass. In a 


larger piece, more uranium and less 


total surface area decreases. If the timing ¡s ripht and the combined mass is 
surface are presented to the neutrons. 


greater than critical, a violent explosion takes place. This is what happens 
in a nuclear ñssion bomb, as Figure 4.25 shows. 
Constructing a fssion bomb ¡s a formidable task. The difficulty  Explosivetodrivesubcritcal 

is in separating enough uranium-235 from the more abundant ura- ĐỊ cc HENHIETRBIEGIESIKUST SN ng: 

: : : with other subcritical piece neutron source 
nium-238. Scientists took more than two years to extract enough of 
the 235 isotope from uranium ore to make the bomb detonated at Bến: Ï 
Hiroshima, Japan, ¡n 1945. To this day, urantum Isotope Separation 
remains a difficult process. 


Subcritical pieces of uranium 


Concept Check v Figure 4.25 
: đu Simplified diagram of a uranium fission 
A 1-kilogram ball of uranium-235 has critical mass, but the same ball bro- b@fíb. 


ken up into small chunks does not. Explain. 


Was this Y0uf anSsWef? The small chunks have more combined surface area than the ball from 
which they came. Neutrons escape via the surface of each small chunk before a sustained chain reaction 


can build up. 


Nuclear Fission Reactors Convert Nuclear Energy to Electrical Energy 


The awesome energy of nuclear fission was introduced to the world in the 
form of nuclear bombs, and this violent image suill colors our thinking 
about nuclear power, making ¡t difficult for many people to T€COĐnIZ€ ItS 
potential usefulness. Currently, about 20 percent of electrical energy in the 
United States is generated by ø⁄elszr ýw/øø zeacfrs, which are simply 
nuclear boilers, as Figure 4.26 shows. Like fossil-fuel furnaces, reactors do 
nothing more elegant than boil water to produce steam for a turbine. The 
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Figure 4.27 

A nuclear reactor is housed within a 
dome-shaped containment building 
designed to prevent the release of 
radioactive isotopes ¡n the event of an 
accident. 


Control 
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Fuel 
rods 
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Reactor- 


Production of heat Production of electricity 


Figure 4.26 

Diagram of a nuclear fission power plant. Note that the water in contact with the fuel rods is 
completely contained, and radioactive materials are not involved directly in the generation of 
electricity. The details of the production of electricity are covered in Chapter 19. 


greatest practical difference ¡s the amount of fuel involved: a mere 1 kilo- 
gram of uranium fuel yields more energy than 30 freighrcar loads of coal. 

A fission reactor contains three components: nuclear fuel rods, control 
rods, and a liquid (usually water) to transfer the heat created by ñssion from 
the reactor to the turbine. The nuclear fuel is primarily uranium-238 plus 
about 3 percent uranium-235. Because the uranium-235 atoms are so 
highly diluted with uranium-238 atoms, an explosion like that ofa nuclear 
bomb is not possible. The reaction rate, which depends on the number of 
neutrons available to Initiate fñssion of uranium-235 nuclel, is controlled by 
rods inserted ¡nto the reactor. The control rods are made of a neutron- 
absorbing material, such as cadmium or boron. 

WWater surrounding the nuclear fuel is kept under hiph pressure to keep 
It at a hiph temperature without boiling. Heated by ñssion, this water trans- 
fers heat to a second, lower-pressure water system, which operates a turbine 
and an electric generator. ÏWo separate water systems are used so that no 
radioactivity reaches the turbine, and the entire setup resides inside a build- 
¡ng like the one shown in Figure 4.27, designed to keep any radioactive 
material from ever being released Into the environment. 

One disadvantage of fission power ¡s the generation of waste products 
that are radioactive. Smaller atomic nuclei are most stable when composed 
of equal numbers of protons and neutrons, as we learned earlier, and it is 
mainly heavy nuclet that need more neutrons than protons for stability. For 
example, there are l43 neutrons but only 92 protons ¡in uranium-235. 
When this uranium Íissions into two medium-sized elements, the extra 
neutrons in their nuclei make them unstable. These frayments are therefore 
radioactive. Most of them have very short half-lives, but some o£ them have 
half-lives of thousands of years. Safely disposing of these waste products as 
well as materials made radioactive in the producton of nuclear fuels 
requires special storage casks and procedures. Although fission power goes 
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back nearly a half-century, the technology of radioactive waste disposal is 


sull in the developmental stage. You can read further details on the subject 
in Sectlon 19.3. 


The Breeder Reactor Breeds Its Own Fuel 


One of the fascinating features of fssion power is the #z¿zg of fssion fuel 
from nonfissionable uranium-238. Breeding occurs when small amounts of 
fissionable isotopes are mixed with uranium-238 in a reactor. Fission liber- 
ates neutrons that convert the relatively abundant nonfssionable uranium- 
238 to uranium-239, which beta-decays to neptunium-239, which ¡n turn 
beta-decays to fñissionable plutonium-239. So in addition to the abundant 
energy produced, fñssion fuel is bred from relatively abundant uranium-238 
In the process. 

Breeding occurs to some extent ¡n all fñssion reactors, but a reactor 
specifically designed to breed more ñssionable fuel than ¡s put into it is 
called a Ózeeer rezcfør. Using a breeder reactor ¡s like ñlling your carS gas 
tank with water, adding some gasoline, then driving the car and having 
more gasoline after the trip than at che beginning! The basic principle of the 
breeder reactor 1s very attractive, for aÍter a few years of operation a breeder- 
reactor power pÌant can produce vast amounts of power while at the same 
time breeding twice the amount of fuel it started with. 

The downside of breeder reactors 1s their enormous complexity. The 
United States gave up on breeders more than a decade ago, and only France 
and Germany are stilÌ investing in them. Officials in these countries point 
out that supplies of naturally occurring uranium-235 are limited. Át pres- 
ent rates of consumption, all natural sources of uranium-235 may be 
depleted within a century. If countries then decide to turn to breeder reac- 
tors, they may well ñnd themselves dipging up the radioactive wastes they 
once buried. 

The benefits of ñssion power are plentiful electricity, conservatlon of 
many billions of tons of fossil fuels annually, and the elimination of the 
megatons of sulfur oxides and other poisons put Into the air cach year by 
the burning of fossil fuels. 


4.9_ Nudear Energy Comes Írom 
Nuclear Mass and Vice Versa 


In the carly 1900s, Albert Einstein (1879-1955) discovered that mass 1s 
actually “congealed” energy. He realized that mass and energy are two sides 
of the same coin, as stated ¡n his celebrated equation # = #cZ. In this equa- 
tion, # stands for the energy that any mass at r€st has, # stands for mass, 
and cis the speed of light. Thịs relationship between energy and mass is the 
key to understanding why and how energy is released in nuclear reactlons. 
Any time a nucleus ñssions to two smaller nuclei, the combined mass of all 
nucleons in the smaller nuclei ¡s less than the combined mass of all nucle- 
ons in the original nucleus. The mass “missing” after the Íission event has 
been converted to energy and given of to the surroundings. Let§ see how. 
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Figure 4.28 
Much work is required to pull a 
nucleon from an atomic nucleus. 


Figure 4.29 

This graph shows that the average 
mass of a nucleon depends on which 
nucleus it is in. Individual nucleons 
have the most mass in the lightest 
nuclei, the least mass in iron, and inter- 
mediate mass in the heaviest nuclei. 


From physics we know that energy is the capacity to do work (Section 
1.5) and that work is equal to the product of force times distance: 


work = fÍorce X distance 


Think of the enormous external force required to pull a nucleon out oÊ the 
nucleus through a distance sufficient to overcome the attractive strong nuclear 
force, comicalÏy represented in Eigure 4.28. Aš per the word equation for work 
just given, enormous ƒ#z£ exerted through a đ292/e means that enormous 
work is required. This work is energy that has been added to the nucleon. 

According to Einsteins equation, this newly acquired energy reveals 
itself as an increase in the nucleons mass—the mass oFa nucleon outside a 
nucleus is greater than the mass of`the same nucleon locked inside a 
nucleus. For example, a carbon-12 atom——the nucleus of which is made up 
OỂ six protons and six neutrons—has a mass of exactly 12.00000 atomic 
mass units. Therefore, each proton and each neutron contributes a mass of 
1 atomic mass unit. However, outside the nucleus, a proton has a mass of 
1.00728 atomic mass units and a neutron has a mass of 1.00867 atomic 
mass units. Thus we see that the combined mass of six free protons and six 
free neutrons—(6 X 1.00728) + (6 X 1.00867) = 12.09570——Is greater 
than the mass of one carbon-12 nucleus. The greater mass refects the 
energy that was required to pull the nucleons apart from one another. Thus, 
what mass a nucleon has depends on where the nucleon is. 

The graph shown in Eigure 4.29 results when we pÏot average mass 27 
zwcleon for the elements hydrogen throuph uranium. Thịs graph ¡s the key 
to understanding the energy released in nuclear processes. lo obtain the 
average mass per nucleon, you divide the total mass of a nucleus by the 
number o£ nucleons in the nucleus. (Similarly, if you divide the total mass 
of a roomful of people by the number of people in the room, you get the 
averaøe mass per person.) 


Mass per nucleon ——> 


H Fe U 
Atomic number ——> 


From Figure 4.29 you can see how energy 1s released when a uranium 
nucleus splits Into two nuclet of lower atomic number. Uranium, being at 
the ripht of the graph, has a relatively large amount of mass per nucleon. 
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NWhen a uranium nucleus splits, however, smaller nuclei of lower atomic 
numbers are formed. As shown in Eigure 4.30, these nuclei are lower on the 
graph than uranium, which means they have a smaller amount oÊ mass per 
nucleon. Thus, nucleons lose mass as they go from being in a uranium 
nucleus to being ¡n the nucleus of one of its fragments. All the mass lost by 
the nucleons as they change from being nucleons of uranium to being 
nucleons of atoms such as barium and krypton is converted to energy, and 
this energy is what we harness and use as “nuclear power.” IÝyou wanted to 
calculate exactly how much energy ¡is released in cach fission event, youd 
use Einsteins equation: multiply the decrease in mass by the speed of light 
squared (cZ ¡n the equation), and the product is the amount oŸ energy 
yielded by cach uranium nucleus as ít undergoes ñssion. 


| Nucleon in uranium nucleus 
Ă has more mass 

ọ Nucleon in nucleus of uranium 

E fragment has less mass 

= ©° 

~—_ 

sŠ 

) Nucleus of barium, đ 

Š a fission fragment 


ko 


Uranium-235 
nucleus 


Nucleus of krypton, 
a fission fragment 


Kr Ba U 
Atomic number ——*> 


Interestingly, Einsteins mass/energy relationship applies to chemical 
reactions as welÌ as to nuclear reactions. For nuclear reactions, the energies 
involved are so great that the change in mass is measureable, correspon- 
ding to about 1 part in 1000. In chemical reactions, the energy involved 
is so small that the change In mass, about l part in 1,000,000,000, ¡s not 
detectable. This is why the mass conservation law (Section 3.2) states that 
there is no 42/£e/zở/e change in the total mass oŸ materials as they chemi- 
cally react to form new materials. In truth, there are changes in the mass 
of atoms during a chemical reaction. These changes are too small to be o£ 
any concern to the working chemist, however. 


Concept Check Tả 


Correct this statement: When a heavy element undergoes fission, there are 
fewer nucleons after the reaction than before. 


« 


Was this Y0UFT ânSWeF? When a heavy element undergoes fission, there arerft fewer nucleons 
after the reaction. Instead, there's Íess mass in the same number of nucleons. 


Figure 4.30 

The mass of each nucleon in a uranium 
nucleus is greater than the mass of 
each nucleon in any one of its fission 
fragments. This lost mass has been 
converted to energy, which is why 
nuclear fission is an energy-releasing 
Drocess. 
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We can think of the mass-per-nucleon graph shown in Eigure 4.29 as 
an cnergy valley that starts at hydrogen (the highest poin) and sÌopes 
steeply to the lowest point (iron), then slopes gradually up to uranium. lron 
is at the bottom of the energy valley and ¡s therefore the most stable 
nucleus. Ít is also the most tightly bound nucleus; more energy per nucleon 
is required to separate nucleons from an iron nucleus than from any other 
nucleus. 


4.10 Nudear Fusion ls the Combining of Atomic Nuclel 


As mentioned earlier, a drawback to.nuclear ñssion is the production of 
radioactive waste products. A more promising long-range source of nuclear 
energy is to be found with the lightest elements. In a nutshell, energy is pro- 
duced as small nuclei /⁄s£ (which means they combine). This process 1s 
nuclear fusion—the opposite of nuclear fission. We see from Eigure 4.29 
that, as we move along the elements from hydrogen to Iron (the steepest 
part of the energy valley), the average mass per nucleon decreases. Thus if 
two small nuclei were to fuse, such as two nuclei of hydrogen-2, the mass 
of the fused nucleus, helium-4, would be less than the mass of the two 
hydrogen-2 nuclel, as Figure 4.31 shows. As with ñssion, the mass lost by 
the nucleons 1s converted to enerey we can use. 


© Nucleon in hydrogen-2 nucleus 
| tờ —” ha:nmormas: 


eo Nucleon in helium-4 nucleus 


s2 ——+> has less mass 


Mass per nucleon ——> 


Atomic number ——> 


Figure 4.31 

The mass of each nucleon in a hydrogen-2 nucleus is greater than the mass of each nucleon in 
a helium-4 nucleus, which results from the fusion of two hydrogen-2 nuclei. This lost mass has 
been converted to energy, which is why nuclear fusion is an energy-releasing process. 


IÝa fusion reaction is to occur, the nuclei must be traveling at extremely 
hiph speeds when they collide in order to overcome their mutual electrical 
repulsion. The required speeds correspond to the extremely high tempera- 
tures found deep In the sun and ¡in other stars. Fusion brought about by 
hịph temperatures ¡s called thermonuclear fusion. In the hiph tempera- 
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tur€s of the sun, approximately 657 million tons of hydrogen ¡s fused to 
653 million tons of helium ø2e? secøz⁄4. The 4 million tons of nucleon mass 
lost 1s discharged as radiant energy. 


Concept Check v 


To get energy from the element iron, should iron be fissioned or fused? 


Was this YOUT â'SWF? Neither, because iron is at the very bottom of the energy-valley curve 
of Fiqure 4.29. lÍ you fuse two iron nuclei, the product lies somewhere to the right of iron on the curve, 
which means the product has a higher mass per nucleon. lf you split an iron nucleus, the products lie to 
the left of iron on the curve, which again means a higher mass per nucleon. Because no mass decrease 
Occurs in either reaction, no mass is available to be converted to energy, and as a result no energy is 
released. 


Prior to the development of the atomic bomb, the temperatures 
required to Initiate nuclear fusion on the Earth were unattainable. When 
researchers found that the temperature inside an exploding atomic bomb Is 
four to five times the temperature at the center of the sun, the thermonu- 
clear bomb was but a step away. Thịs first thermonuclear bomb, a hydro- 
gen bomb, was detonated in 1952. ÑWhereas the critical mass of fissionable 
material limits the size of a ñssion bomb (atomic bomb), no such limit is 
imposed on a fusion bomb (thermonuclear or hydrogen bomb). A typical 
thermonuclear bomb stockpiled by the United States today, for example, is 
about 1000 times more destructive than the atomic bomb detonated over 
Hiroshima at the end of World YWar II. 

The hydrogen bomb is another example ofa discovery used for destruc- 
tive rather than constructive purposes. The potential constructive possibil- 
ity is the controlled release of vast amounts of clean energy. 


The Holy Grail of Nuclear Research Today ls Controlled Fusion 


Carrying out fusion reactions under controlled conditlons requires 
temperatures of millions of degrees. As you can imagine, this poses many 
technical difficulties, especially when it comes to the large-scale production 
of energy. For example, one major problem is that any reaction vessel being 
used would melt and vaporize long before these temperatures were reached. 

One proposed technique is to aim an array of laser beams at a comimon 
point and drop solid pellets of hydrogen isotopes through the synchronous 
crossRre, as Figure 4.32 on page 128 shows. The energy of the multiple 
beams should crush the pellets to densities 20 times that of lead. Such a 
fusion could produce several hundred times more energy than the amount 
delivered by the laser beams. Like the succession of fuel/air explosions in an 
automobile engines cylinders that convert to a smooth fow of mechanical 
power, the sucC€ssIV€ ignition of pellets in a laser fusion device may simi- 
larly produce a steady stream of electric power. A plant equipped with the 
device could produce 1000 million watts of electric power, enouph to sup- 
ply a city of 600,000 people. High-power lasers that work reliably, however, 
have yet to be developed. 
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(a) (b) 


Figure 4.32 

(a) Fusion with multiple laser beams. Pellets of hydrogen isotopes are rhythmically dropped into 
synchronized laser crossfire in this planned device. The resulting heat is carried off by molten 
lithium to produce steam. (b) The pellet chamber at Lawrence Livermore Laboratory. The laser 
source is Nova, the most powerful laser in the world, which directs ten beams into the target 
region. 


Also under development are techniques that use magnetic fields to con- 
fne fusing materials. Examples are presented in Section 19.3. 


Concept Check v 


Fission and fusion are opposite processes, yet each releases energy. lsnt 
this contradictory? 


Was this Y0UuF anSWeF? No, no, no! As Figure 4.29 shows, only the fusion of light elements and the 
fission of heavy elements result in a decrease in nucleon mass and therefore a release of energy. 


In Perspective 


If people are one day to dart about the universe the way we Jet about the 
Earth today, their supply of fuel is assured. The fuel for fusion—hydro- 
gen—Is found in every part of the universe, not only ¡n the stars but also 
in the space between them. About 91 percent of the atoms In the universe 
are estinated to be hydrogen. For people of the future, the supply of raw 
materials 1s also assured because all the elements known to exist result from 
the fusing of more and more hydrogen nuclei. Simply put, if you fuse 8 
hydrogen-2 nuclel, you have oxygen; 26, you have Iron; and so forth. 
Future humans might synthesize their own elements and produce energy in 
the process, just as the stars have always done. 


Key Terms and Matching Definitions 


alpha particle 
beta particle 
carbon-14 dating 
chain reaction 
critical mass 
gamma ray 
half-life 
nuclear ñssion 
nuclear fusion 
radioactIvity 
rem 
strong nuclear force 
thermonuclear fusion 
transmutation 


1. The tendency of some clemenrs, such as ura- 
nium, to emit radiation as a result of changes in 
the atomic nucleus. 

2. A helium atom nucleus, which consists of two 
neutrons and two protons and is eJected by cer- 
tain radioactive elements. 

3. An electron ejected from an atomic nucleus 
during the radioactive decay of certain nuclei. 

4. Hiph-energy radiation emitted by the nuclei of 
radioactive atoms. 

5. .A unit for measuring the ability of radiation to 
harm living tissue. 

6. The force of interaction between all nucleons, 
effective only at very, very, very close distances. 

7, The conversion of an atomic nucleus of one elÌe- 
ment to an atomic nucleus of another element 
through a Ìoss or gain of protons. 

8. The time required for half the atoms in a sam- 
ple ofa radioactive isotope to decay. 

9, The process of estimating the age of once- 
living material by measuring the amount oÊ 
a radioactive isotope of carbon present In the 
material. 

10. The splitting o£a heavy nucleus into two 
lighter nuclei, accompanied by the release of 
much energy. 

11. A selÊsustaining reaction in which the products 
of one ñssion event stimulate further events. 

12. The minimum mass o£ ñssionable material 
needed to sustain a chain reaction. 

13. The joining together of light nucÌei to form a 
heavier nucleus, accompanied by the release of 
much energy. 


14. Nuclear fusion produced by high temperature. 
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Review Questions 
The Cathode Ray Led to the Discovery of Radioactivity 
1. What did Wilhelm Roentgen discover in 18962 


2. How did Henri Becquerel determine that 
phosphorescence was not responsible for the 
emission of radiatton by uranium? 


3. Who coined the term 7⁄2722c£7/? 


4. How do the electric charges of alpha particÌes, 
beta particles, and gamma rays differ Írom one 
another? 


5. Which has the preatest penetratlng DOWer—— 
alpha partciles, beta particles, or gamma rays? 


Radioactivity ls a Natural Phenomenon 


6. WWhat is the origin of most of the radiation you 
encounter? 


7. Which is worse: having cells in your body dam- 
aged by radiation or killed by radiation? 


8. Is radioactivity on the Earth something rela- 
tively new? Defend your answer. 


9. What is a rem? 


Radioactive Isotopes Are Useful as Tracers 
and for Medical lmaging 


10. Nhat ¡s a radioactive tracer? 


11. How are radioactive isotopes used in medical 
Imaging: 


Radioactivity Results Írom an 
Imbalance of Forces ín the Nucleus 


12. How are the strong nuclear force and the elec- 
tric force different from cach other? 


13. What role do neutrons play in the atomic 
nucleus? 


14. Why ¡s there a limit to the number of neutrons 
a nucleus can contain? 


A Radioactive Element Can Transmute to a Different Element 


15. When thorium, atomic number 90, decays by 
emitting an alpha particle, what 1s the atomic 
number of the resulting nucleus? 
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16. When thorium-90 decays by emitting a beta 
particle, what is the atomic number of the 
resulting nucleus? 


17. What change in atomic number occurs when a 
nucleus emits an alpha particle? A beta particle? 


18. What ¡s the long-range fate of all the uranium 
that exists in the world today? 


The Shorter the Half-Life, the Greater the Radioactivity 


19. What ¡s meant by the half-life of a radioactive 
sample? 


20. What ¡s the half-life of radtum-226? 


21. How does the decay rate of an isotope relate to 


its half-hie? 


Isotopic Dating Measures the Age of a Material 


22. What do cosmic rays have to do with trans- 
mutation? 


23. How ïs carbon-14 produced ¡n the atmosphere? 
24. Which 1s radioactive, carbon-12 or carbon- lá? 


25. Why ¡s there more carbon-lá in living bones 
than in once-living ancient bones of the same 
mass? 


26. Why is carbon-l4 dating useless for dating old 


coins but not old pieces of cloth? 


27. Why ¡s lead found in all deposits of uranium 


ores? 


28. What does the proporttion of lead and uranium 
in rock tell us about the age o£ the rock? 


Nucfear Fission ls the Splitting of the Atomic Nudleus 


29. Why does a chain reaction not ocCur in ura- 
nium mines? 


30. Is a chain reaction more likeÌy to occur in two 
Separate pleces of uranium-235 or in the same 
pIeces stuck together? 


31. How is a nuclear reactor similar to the furnace 
in a fossil-fuel power plant? How 1s it different? 


32. What is the function of control rods in a 
nuclear reactor? 


Nuclear Energy Comes from Nuclear Mass and Vice Versa 


33. Is work required to pull a nucleon out oÊan 
atomic nucleus? Does the nucleon, once outside 
the nucleus, have more mass than it had inside 
the nucleus) 


34. Does the mass ofa nucleon after it has been 
pulled from an atomic nucleus depend on 
which nucleus it was extracted from? 


35. How does the mass per nucleon in uranium 
compare with the mass per nucleon ¡n the 
fssion fragments of uranium? 


36. Ifan iron nucleus split in two, would its fission 
fragments have more mass per nucleon or Ìess 
mass per nucleon? 


37. IÝa pair of iron nuclei were fused, would the 
product nucleus have more mass per nucleon or 
less mass per nucleon? 


Nudlear Fusion ls the Combining of Atomic Nuclei 


38. When two hydrogen isotopes are fused, is the 
mass of the product nucleus more or less than 
the total mass of the hydrogen nuclel? 


39. From where does the sun gets ¡ts energy? 


40. How do the products of fusion reactlons differ 
from the products of ñssion reactions? 


Hands-On Chemistry Insights 
Personal Radiation 


NHI the effects of the radiation you receive be passed 
on to your children? Only radiation received by your 
reproductive organs (testes in males and ovaries in 
females) has the potential of causing effects that 
might be passed on to future generations. All other 
radiation you receive is for your body only. 

What percentage of your estimated annual radia- 
tion comes from natural sources? What adjustments 
might you be willing to make in order to decrease 
your annual exposure? 


Radioactive Paper Clips 


The unit of halfElife in thís simulation is 7z8øz øƒ 
/ros. The element with the shorter halflife is consid- 
ered to be the more radioactive one because it decays 
faster and ¡n the process emits more radiation per unit 
time. For most students, this turns out to be leeonium. 


Uranium-238 has a half-life of 4.5 billion y€ars, 


while polonium-214 has a half'life of 0.00016 sec- 
ond. So, which would you rather hold in your hand:: 
1 gram of uranium-238 or 1 gram of polonium-214? 

Perhaps the most important point of this activity 
1s that radioactive decay is a statistical phenomenon. 
Follow any one of the paper clips, and you ll ñnd that 
It may decay well before or after the hal£life. Hal£life 
1s a predictable quantity only when a large number of 
particles are Involved. 


ExerCIses 


1. Why ¡s a sample of radium always a little 
warmer than Irs surroundings? 


Xếh it possible for a hydrogen nucleus to emit an 


alpha particle? DDefend your answet. 


`\Why are alpha particles and beta particles 
deflected in opposite directlons in a magnetic 
ñeld? Why are gamma rays undefected:? 


Cấ.ŠIhe alpha particle has twice the electric charge 
“of the beta particle but defects less in a mag- 


netic ñeld. Why: 
5. Which type of radiatlon—alpha, beta, or 


gamma——results in the greatest change In mass 
number? The greatest change in atomic number? 


6. Which type of radiation—alpha, beta, or 
gamma——results in the least change In mass 
number? The least change in atomic number 


¡ch type of radiation—alpha, beta, or 
gamma—predominates on the inside of a hiph- 
fying commercial airplane? Why:? 


`\In bombarding atomic nuclei with proton 
“bullets,” why must the protons be given large 
amounts of kinetic energy in order to make 
'contact with the target nuclel 


y would you expect alpha particles to be Ïess 
able to penetrate materials than beta particles? 


10. What evidence supports the hypothesis that, at 
short intranuclear distances, the strong nuclear 
force ¡s stronger than the eÌectric force? 


11. The isotope cesium-137, which has a half-life 
of 30 years, is a product of nuclear power 
plants. How long will ít take this isotope to 
decay to one-sixteenth its original amount 
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12. When the isotope bismuth-213 emits an alpha 
particle, what new element results? hat new 
element results !f it Instead emits a beta particle? 


13. When7£§Ra decays by emitting an alpha parti- 
cle, what is the atomic number of the resulting 
nucleus? What ¡s the resulting atomic mass? 

lá. What are the atomic number and atomic mass 
of the element formed when 2jŸPo emits a beta 
particle? What are they ¡f the polontum emits 
an alpha particle? 


15. How ís it possible for an element to decay “for- 
ward ¡n the periodic table”——that is, decay to an 
element of higher atomic number? 


16. Elements above uranium in the periodic table 
do not exist in any appreclable amounrs in 
nature because they have short half-lives. Yet 
there are several elements below uranium In the 
table that have equally short half-lives but do 
exist In appreciable amounrs in nature. How 
can you account for this? 


You and a friend journey to the mountain footr- 
hills to get cÌoser to nature and escape such things 
as radioactivity. While bathing in the warmth ofa 
natural hot spring, she wonders aloud how the 
spring gets its heat. What do you tell her? 


18. People who work around radioactivity wear ñÌm 
badges to monitor the amount of radiation that 
reaches their bodies. Each badge conststs of a 
small piece of photographic fiÌm enclosed In a 
lightproof wrapper. What kind of radiaton do 
these devices monitor, and how can they deter- 
mine the amount of radiation the people receive? 


(3) Coal contains onÌy minute quantities of 
radioactive materials, and yet there is more 
environmental radiation surrounding a coal- 
fñired power plant than a ñssion power plant. 
Nhat does this indicate about the shielding that 
typically surrounds these two types of plants: 


20. A friend checks the local background radiation 
with a Geiger counrer, which ticks audibly. 
Another friend, who normally fears most that 
which is understood least, makes an effort to 
keep away Írom the region of the Gelger counter 
and looks to you for advice. W hat do you say? 


21. Why ¡s carbon-l4 dating not accurate for esti- 
mating the aøe of materials more than 50,000 
years old? 
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đZIhe age of the Dead Sea Scrolls was determined 


2i 


25. 


26. 
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by carbon-14 dating. Could this technique have 
worked ¡f they had been carved on stone 
tablets? Explain. 


Á certain radioactive element has a half-life of 

1 hour. lÝyou start with a 1-gram sample of the 
element at noon, how much ¡s left at 3:00 PM.) 
At 6:00 PM.) AÁt 10:00 PM. 


Why will nuclear ñssion probably never be used 
directly for powering automobiles? How could 
it be used indirectly? 


Why does a neutron make a better nuclear bul- 
let than a proton or an electron? 


Does the average distance a neutron travels 
through fssionable material before escaping 
increase or decrease when two pieces of fission- 
able material are assembled into one pIece? 
Does this assembly increase or decrease the 
probability of an explosion? 


Why does plutonium not occur in appreciable 
amounrs in natural ore deposits? 


HN na 22) releases an average of 2.5 neu- 


: 


S19) 


1, 


SUÁ) 


S7) 
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trons per fssion, while plutonium-239 releases 
an average of 2.7 neutrons per fission. Ñh¡ch of 
these elements might you therefore expect to 
have the smaller critical mass? 


WWhy, after a uranium fuel rod reaches the end 
of its fuel cycle (typically three years), does most 
Of its energy come from plutonium Íission? 


Ifa nucleus of ZjãTh absorbs a neutron and the 
resulting nucleus undergoes two successive beta 
decays, which nucleus results? 


To predict the approximate energy release of 
either a fssion or a fusion reaction, explain how 
a physicist uses a table of nuclear masses and 
the equation E = ø£Ÿ. 


WWhich process would release energy from gold, 
ñssion or fusion? From carbon? From Iron? 


IÝa uranium nucleus were to fission Into 
three fragments of approximately equal size 
instead of two, would more energy or Ìess 
enerey be released? Defend your answer 


using Figures 4.29 and 4.30. 


Explain how radioactive decay has always 
warmcd the Earth from the inside and how 


nuclear fusion has always warmed the Earth 
from the outside. 


Speculate about some worldwide changes 
likely to follow the advent of successful fusion 
F€aCtOFS. 


Exploring Further 


M. Mitchell Waldrop, “The Shroud of Turin: An 

Answer Ïs at Hand.” S7ezce, September 30, 1988. 
Describes the events leading up to the dating 
of the controversial Shroud of Turin. 


http://www.friendsofpast.org 
A nonprofft organization dedicated to pro- 
moting and advancing the rights of sclentists 
and the public to learn about Americas past 
through archeology. Emphasis is given to the 
Kennewick Man debate, in which Native 
Americans claim kinship to 9000-year-old 
skeletal remains. 


http://www.iaea.or.at/worldatom 
The Web site for the International Atomic 
Energy Agency, which monitors almost all 
Issues related to nuclear technology. A good 
starting point for exploring applications of 
many of the concepts discussed in this chapter. 


http://www.iter.org 
The Web site for the International Thermo- 
nuclear Experimental Reactor proJect. Explore 
this site for the latest on the science and politics 
of this Important proJect. 


http://www.rw.doe.gov/homejava/homejava.htm 
Home page for the Office of Civilian Radio- 
active Waste Management, established in 1982 
to develop and manage a federal system for 
disposing of spent nuclear fuel resulting from 
atomic enerey defense activities. lts here that 
youll find the official positlon of the Ư.S§. 
Øovernment regarding Yucca Mountain, Nevada, 
as a potential nuclear waste reDOSItOry. 


l hemistr 
© *. place , 


The Atomic Nucleus 
Visit The Chemistry Place at: 
WWWw.aw.com/chemplace 


Virtual Handles on the Very Real 


The elements of many chemical compounds glow with color when heated. 
Strontium, for example, glows red, sodium glows yellow, and barium glows 
yellow-green. Package such elements with burning gun powder, and the 
result is a brilliant fireworks display. Interestingly, the glow of a single ele- 
ment consists of a number of overlapping colors, which can be separated 
from one another with a prism. Such a separation is shown in the opening 
photograph of this chapter. In the center of the photograph are glowing 
sparks of strontium. The adjacent diagonal stripes, created by a prismlike 
filter on the camera, reveal this elements many hues, called a spectral pattern. 

Each element emits its own characteristic spectral pattern, which can be 
used to identify the element just as a fingerprint can be used to identify a 
person. As we discuss in this chapter, scientists of the early 1900s saw these 
spectral patterns as clues to the internal structure and dynamiics of atoms. By 
studying spectral patterns and by conducting experiments, these scientists 
were able to develop models of the atom. Through these models, which con- 
tinue to be reñned even today, chemists gain a powerful understanding of 
how atoms behave. 

This chapter explores the development of atomic models. lt is one of the 
more challenging chapters of this tetbook. [he background it provides, how- 
ever, will give you both a deeper understanding of the periodic table and a 
foundation for understanding how atoms react with one another to form 
new materials—an important topic of subsequent chapters. 
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Color components of light from 
glowing strontium (high resolution) 
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51 Models Help Us Visualize the Invisible World of Atoms 


Atoms are so small that the number of them in a baseball ¡s roughly equal 
to the number of Ping-Pong balls that could ñt inside a hollow sphere as 
big as the Earth, as Figure 5.1 illustrates. This number is incredibly large— 


Atomsin Ping-Pong balls 
a baseball in the Earth 
Figure 5.1 


lf the Earth were filled with nothing but Ping-Pong balls, the number of balls would be roughly 
equal to the number of atoms in a baseball. Put differently, if a baseball were the size of the Earth, 
one of its atoms would be the size of a Ping-Pong ball. 


beyond our intuitive grasp. Atoms are so incredibly small that we can 
never sé£ them ¡n the usual sense. This ¡s because lipht traveÌs in waves, 
and atoms are smaller than the wavelengths of visible light, which ¡s the 
light that allows the human eye to see things. We could stack microscope 
on top of microscope and still not see an individual atom. As ilÏustrated 
in Figure 5.2, the diameter of an object visible under the highest magni- 
fication must be larger than the wavelengths o£ visible lipht. 


Figure 5.2 

Microscopic objects can be seen through a microscope that works with visible light, but sub- 
microscopic particles cannot. (a) A bacterium is visible because it is larger than the wavelengths 
of visible light.We can see the bacterium through the microscope because the bacterium reflects 
visible light. (b) An atom is invisible because it is smaller than the wavelengths of visible light and 
so does not reflect the light toward our eyes. 
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Although we cannot see atoms 47r£ctỦy, we can generate images of them 
7zrectjy. In the mid 19805, researchers developed the se2øzng £øzeling 
7crøscope (ST M), which produces Images by dragging an ultrathin needle 
back and forth over the surface ofa sample. Bumps the size of atoms on the 
surface cause the needÌle to move up and down. This vertical motion is 
detected and translated by a computer into a topographical image that cor- 
responds to the positions ofatoms on the surface (Figure 5.3). An STM can 
also be used to push individual atoms into desired positions. This ability 
opened up the feld o£ nanotechnology, in which incredibly small electronic 
circuits and motors are built atom by atom. 


Figure 5.3 

(a) Scanning tunneling microscopes 
are relatively simple devices used to 
create submicroscopic imagery. (b) An 
image of gallium and arsenic atoms 
obtained with an STM. (c) Each dot in 
the worlds tiniest map consists of a 
few thousand gold atoms, each atom 
moved into its proper place by an STM. (b) 


Concept Check v 


Why are atoms invisible? 


Was this YOUF anSW€FY? An individual atom is smaller than the wavelengths of visible light and so 
is unable to reflect that light. Atoms are invisible, therefore, because visible light passes right by them.The 
atomic images generated by STMs are not photographs taken by a camera. Rather, they are computer ren- 
ditions generated from the movements of an ultrathin needle. 


A very small or very large visible object can be represented with a 
physical model, which ¡s a model that replicates the obJject at a more com- 
venient scale. Figure 5.4a, for instance, shows a large-scale physical model 
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Figure 5.4 

(a) This large-scale model of a microorganism is a physical 
model. (b) Weather forecasters rely on conceptual models 
such as this one to predict the behavior of weather systems. 


of a microorganism that a biology student uses to study the microorgan- 
IsmS Internal structure. Because atoms are invisible, however, we cannot 
use a physical model to represent them. Ín other words, we cannot sim- 
ply scale up the atom to a larger size, as we might with a microorganism. 
(An SIM merely shows the ø2Ø572 of atoms and not actual images of 
atoms, which do not haye the solid surfaces implied in the SIM images 
of Figure 5.3.) So, rather than describing the atom with a physical model, 
chemists use what is known as a conceptual model, which describes a sys- 
Zew. The more accurate a conceptual model, the more accuratcÌy it pre- 
dicts the behavior of the system. The weather is best described using a 
conceptual model like the one shown in Figure 5.4b. Such a model shows 
how the various components o£ the system——humidity, atmospheric pT€S- 
sure, temperature, electric charge, the motion of large masses of air— 
Iinteract with one another. 

Other systems that can be described by conceptual models are the econ- 
omy, population growth, the spread of diseases, and team sports. 


Concept Check v 


A basketball coach describes a playing strategy to her team by way of 
sketches on a game card. Do the illustrations represent a physical model or 
a conceptual model? 


Was this VOUF fISW€F? The sketches are a conceptual model the coach uses to describe a 
system (the players on the court), with the hope of predicting an outcome (winning the game). 


Like the weather, the atom is a complex system of interacting com- 
ponents, and it ¡s best described with a conceptual model. You should 
therefore be careful not to interpret any visual representation ofan atomic 
conceptual model as a re-creation of an actual atom. In Section 5.4, for 
example, you will be introduced to the planetary model of the atom, 
wherein electrons are shown orbiting the atomic nucleus much as planets 
orbit che sun. This planetary model ¡s limited, however, in that ¡it fails to 
explain many properties of atoms. Thus newer and more accurate (and 
more complicated) conceptual models of the atom have since been intro- 
duced. In these models, electrons appear as a cloud hovering around the 
atomic nucleus, but even these models have their limitations. Ultimately, 
the best models of the atom are ones that are purely mathematical. 

In this textbook, our focus Is on conceptual atomic models that are eas- 
ly represented by visual Images, including the planetary model, the electron- 
cloud model, and a model in which electrons are grouped ¡in units called 
sj£Ïš. Iespite therr limitations, such Images are excellent guides to learning 
chemistry, especially for the beginning student. These models were devel- 
oped by scientists to help explain how atoms emit lipht. We begin our study 
of atomic models, therefore, by reviewing the fundamental nature of light. 


———————————— 


52 Liphtls a Form of Energ 


Light is a form of energy known as ¿/c/z0z4g0⁄etic z44J/a/øø. Ìt travels In 
waves that are analogous to the waves produced by a pebble dropped into 
a pond. Electromagnetic waves, however, are oscillations (vibrations) 
of electric and magnetic fields, not oscillations ofa material medium 
such as water. Most of the electromagnetic radiatlon we enCoun€r 1s 
generated by electrons, which can oscillate at exceedingly hiph rates 
because of their small size. 

The distance between two crests of an eÌlectromagnetIiCc Wave 1s 
called the wavelength of the wave. Electromagnetic wavelengths range 
from less than 1 nanometer (102 meter) for high-energy gamma 
rays to more than I kilometer (102 meters) for radio waves, 
which are low-energy electromagnetic radiation. Figure 5.2 
labels two wavelengths—one very long, the other very 
short——on a ñctidious wave drawn for illustration only. 

Electromagnetic waves can also be characterized by their 
wave frequency, a measure of how rapidly they oscillate. 
The shorter the wavelength of an electromagnetic wave, the 
greater its wave Írequency. Gamma ray, for example, have 
very short wavelengths, whích means their wave frequencies 
are very hiph. Radio waves have very long wavelengths, 
which means their wave frequencies are very Ìow. 

The basic unit of wave frequency is the 0z/z (abbrevi- 
ated Hz), where 1 hertz equals 1 cycle per second and eyc/ 
refers to one complete oscillation. Wave Írequencies for electromagnetic 
radiation range from 102“ hertz for gamma rays to less than 103 hertz for 
radio waves. The higher the frequency of a wave, the grcater its cnergy, 
which means that gamma rays are far more energetic than radio waves. 


5,2 LightlsaForm of Energy 


†he waves are †o one anoTher. 


As 1T idly †ap †hís s†ick on the wofer surface, 
Tï qenero†e woves †ha† emono†e ou†ward from The 
poin†t of con†ac†. Similorly, as elec†rons oscillo†e 
back and for†h in an a†om, †hey genero†e elec†ro~ 
moqnetic woves †ha† emanofe from the a†om. 
Tn†eresfinqly, the fas†er I †ap, the closer †ogeTher 
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Figure 5.5 

The electromagnetic spectrum is a continuous band of wave frequencies extending from high- 
energy gamma rays, which have short wavelengths and high frequencies, to low-energy radio 
waves, which have long wavelengths and low frequencies. The descriptive names of these regions 
are merely a historical classification, for all waves are the same in nature, differing only in wave- 
length and frequency. 


Figure 5.5 shows a fulÏ range of frequencies and wavelengths of electro- 
magnetic radiation in a display known as the electromagnetic spectrum. 
The most energetic region of the clectromagnetic spectrum consists of 
gamma rays. Next is the region of slightly lower energy where we fnd 
X rays, and next Is the electromagnetic radiation we call ultraviolet lipht. 
Within a narrow region from about 7 X 101 (700 trillion) hertz to about 
4 x 10!“ (400 trillion) hertz are the frequencies of electromagnetic radia- 
tion known as visible lipht. This region includes the rainbow of colors our 
eyes are able to detect, from violet at 700 trillion hertz to red at 400 trillion 
hertz. Lower in energy than visible lipht are infrared waves (detected by our 
skin as “heat waves”), then microwaves (used to cook foods), and ñnally 
radio waves (throuph which radio and television signals are sent), the waves 
Of Ìowest energy. 


Concept Check v 


Can you see radio waves? Can you hear them? 


Was this Y0UuF ansWer? vour eyes are equipped to see only the narrow range of frequencies of 
electromagnetic radiation from about 700 trillion to 400 trillion hertz—the range of visible light. Radio 
Waves are one type of electromagnetic radiation, but their frequency is mụch lower than what your eyes 
can detect. ïhus, you cant see radio waves. Neither can you hear them. You can, however,turn on an elec- 
tronic gizmo called a radio, which translates radio waves into signals that drive a speaker to produce 
sound waves your ears can hear. : 
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Figure 5.6 

White light is separated into its color 
components by (a) a prism and 

(b) a diffraction grating. 


Prism (cross-section) Diffraction grating (cross-section) 


\We sec white light when all frequencies of visible light reach our eye at 
the same time. By passing white light through a prism or through a dif- 
fraction grating, which ¡s a glass plate or plastic sheet with microscopic lines 
etched into it, the color components of the light can be separated, as shown 
in Eigure 5.6. (Remember—each color of visible light corresponds to a dif- 
ferent frequency.) A spectroscope, shown ¡in Figure 5.7, is an Instrument 


White light directly 
from light source 


Color components of 


Diffraction white light separated 


Spectroscope grating by spectroscope 
fall on retina 
-e:Zgg" 
Narrow slit 

Atoms in filament excited 
by electricity 
(a) 

Smooth, continuous White light Smooth,continuous 

spectrum from white light directly from spectrum from white light 

liqght source (mirror image) 


(b) 


Figure 5.7 : 
(a) In a spectroscope, light emitted by atoms passeS through a narrow slit before being 


separated into particular frequencies by a prism or (as shown here) a diffraction grating. 
(b) This is what the eye sees when the sÏit of a diffraction-grating spectroscope is pointed 
toward a white-light source. Spectra of colors appear to the left and right of the slit. 
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used to observe the color components of any lipht source. Às we discuss in 
the following section, a spectroscope allows us to analyze the lipht emitted 
by elemenrs as they are made to glow. 


5.5 Atoms Can Be Identified by the Light They Emit 


Light is given off by atoms subjected to various forms oÝ energy, such as 
heat or electricity. The atoms ofa given element emit onÌy certain Írequen- 
cies of lipht, however. As a consequence, cach element emits a distinctIve 
plow when energized. As mentioned ¡n the chapter opening, sodium atoms 
emit bright yellow lipht, whiích makes them useful as the light source in 
street lamps because our eyes are very sensitive to yellow light, and, to name 
just one more example, neon atoms emit a brilliant red-orange lipht, which 
makes them useful as the light source in neon signs. 

When we view the light from gÌowing atoms through a spectroscope, 
we see that the light consists of a number of discrete (separate from one 
another) frequencies rather than a continuous spectrum like the one shown 
In Figures 5.5, 5.6, and 5.7. The pattern of frequencies formed by a given 
element——some of which are shown in Fipure 5.8—is referred to as that ele- 
ments atomic spectrum. The atomic spectrum ¡s an elementS fñingerprint. 
You can identtfy the elements in a lipht source by analyzing the lipght 
throuph a spectroscope and looking for characteristic patterns. IÝyou dont 
have the opportunity to work with a spectroscope in your laboratory, check 
out the Hands-On Chemistry $2£c/2/ Ðz/#erms below. 


Hands-On Chemistry: Spectral Patterns 


Purchase some “rainbow” glasses from a nature, toy, or hobby store. The lenses 
of these glasses are diffraction gratings. Looking through them, you will see 
light separated into its color components. Certain ligẾt sources, such as the 
moon or a car's headlights, are separated into a continuous spectrum—in other 
Wwords, all the colors of the rainbow appear in a continuous sequence from red 
to violet. 

Other light sources, however, emit a distinct number of discontinuous col- 
Ors. Examples include streetlights, neon signs, sparklers, and fireworks. The spec- 
tral patterns you see from these light sources are the atomic spectra of elements 
heated in the light sources. You'll be able to see the patterns best when you are 
at least 50 meters from the light source. This distance makes the spectrum 
appear as a series of dots similar to the series of lines shown in Figure 5.8. 

The rainbow side of a compact disk can also be used for viewing spectral 
patterns. Holding the disk at eye level parallel to the ground, look over it at a 
light source, and observe the rainbow reflection. While focusing on the reflec- 
tion, bring the disk as close as possible to your eye. Doing so will make the 
spectral pattern more apparent. 

Share your rainbow glasses and disk with a friend on your next “night on 
the town.” Youlll find each type of light has its own signature pattern. How 
many different patterns are you able to observe? 
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Strontium, Sr 


Potassium,K 


Barium, Ba 


Copper,Cu 


Concept Check v 


How might you deduce the elemental composition of a star? 


Was this Y0UuF anSW€F? Aim a well-built spectroscope at the star, and study its spectral patterns. 
In the late 18005, this was done with our own star, the sun. Spectral patterns of hydrogen and some other 
known elements were observed, in addition to one pattern that could not be identified. Scientists con- 
cluded that this unidentified pattern belonged to an element not yet discovered ơn the Earth. They 
named this element helium after the Greek word for “sun,” helios. 


Researchers in the 1800s noted that the lightest element, hydrogen, has 
a far more orderly atomic spectrum than the other cÌlements. Figure 5.9 
shows a portion of the hydrogen spectrum. Note that the spacing between 
successive lines decreases in a regular way. Â SWIss schoolteacher, Johann 
Balmer (1825—1898), expressed these line positions by a mathematical for- 
mula. Another regularity in hydrogens atomic spectrum was noticed by 
Johannes Rydberg (1854_—1919)—the sum of the frequencies of two lines 
sometimes equals the frequency o£ a third line. For example, 


First spectral line 10112 
Second spectral line ễ: -..(000,01001121180) 
Third spectral line 7ý 7Ô Lừ 


Figure 5.8 

Elements heated by a flame glow their 
characteristic color. This is commonly 
called a fiame test and is used to test for 
the presence of an element in a sample. 
When viewed through a spectroscope, 
the color of each element is revealed to 
consist of a pattern of distinct frequen- 
cies known as an atomic spectrum. 


| II 


Figure 5.9 

A portion of the atomic spectrum for 
hydrogen. These frequencies are higher 
than those of visible light, which is why 
they are not shown in color. 
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Light source 


Áp — 


Figure 5.10 

Light is quantized, which means it 
consists of a stream of energy packets. 
Each packet is called a quantum, also 
known as a photon. 


The orderliness of hydrogenS atomic spectrum was most IntrIguing 
to Balmer, Rydberg, and other investigators of the time. Flowever, as to 
why such orderliness should exist, these early workers were unable to for- 
mulate any hypothesis that agreed with any accepted atomic model of 
the day. 


5.4 Niels Bohr Used the Quantum Hypothesis 
to Explain Atomic Spectra 


An important step toward our present-day understanding of atoms and 
their spectra was taken by the German physicist Max Planck (1858-1947). 
In 1900, Planck hypothesized that lipht energy is Z⁄/z¿Z in mụuch the 
same way matter Is. 

To understand what this interesting new term means, consider a gold 
bríck. The mass of the brick equals some whole-number multiple of the 
mass of a single gold atom. Similarly, an electric charge Is always some 
whole-number multiple of the charge on a sinple electron. Mass and elec- 
tric charge are therefore said to be z2/zeđ in that they consist of §ome 
number of fundamenral units. 

Nhat Planck dịd with hís quantum hypothesis was to recognlze that 
a beam of light energy 1s not the continuous (nonquantized) stream of 
energy we think it ¡s. [nstead the beam consists of zilÏions of small, dis- 
crete øZc££/s of energy, each packet called a quantum, as represented ¡n 
Figure 5.10. A few years later, in 1905, Einstein recognized that these 
quanta of lipht behave much like tiny particles of matter. To emphasize 
theIr ØZ7⁄/c/z/£ nature, cach quantum of lipht was called a photon, a 
name coined because of its similarity to the words ¿/2c/øø, ørø£øø, and 
7£MIT071. 

Take a moment to let this amazing fact sink in: lipht as a stream oÝ tiny 


. lire bullets! And ¡f that is so, why does Section 5.2 say lipht is an electro- 


magnetic 222ø£? Was that an error? A lie? Neither, for evidence tells us that 
light behaves as 2/9 ø uzue „#2 paricfe, and thịs is where the idea of con- 
ceptual models comes into play. When scientists study visible light (or any 
other electromagnetic radiation), they are free to choose the model that best 


fts their needs—dlight as wave or light as stream oÊ particles. Depending on 


Light beam 


One quantum (photon) of light 
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the model chosen, hght has the properties of a wave or the propertics of a 
-pariicle. Io represent this duality, photons are illustrated ¡in this text as a 
burst of lipht with a wave drawn inside the burst. 

As shown in Figure 5.11, the amount of energy in a photon increases 
with the frequency of the light. One photon of ultraviolet light, for exam- 
pÌe, possesses more energy than one photon of infrared lipht because uÌtra- 
violet lipht has hipher frequency than infrared lipht (as Figure 5.5 show). 

Úsing Plancks quantum hypothesis, the Danish scientist Niels Bohr 
(1885-1962) explained the formation of atomic spcctra as follows. Flrst, 
Bohr recognized that the potential energy of an electron in an atom depends 
on the electron5 distance from the nucleus. This is analogous to the potenuial 
energy of an object held some distance above the Earth§ surface. The obJect 
has more potential enerey when irisheld-high-above the-eround than when 
¡ieis held close to the ground. Likewise, an electron has more potentlal energy 

_ when It is far from the nucleus than when-itis close to che nuclens. Secondj, 
Bohr recognized that when an atom absorbs a photon of light, It 1s absorbing 
cnezgy. Thịs energy is acquired by one of the electrons surrounding the atomS 
nucleus. Because this electron has gained energy, it must move away from the 
nucleus. In other words, absorption of a photon causes a low-potential- 
cnergy electron in an atom to become a high-potential-energy electron. 


High-frequency, 
high-energy 
photon 


¬" 
BẠN 


Low-frequency, 
low-energy 
photon 


Bohr also realized that the opposite ¡is truc: when a high-potential- Figure 5.11 : 
energy electron in an atom Ìoses some oÊ its cnergy, the electron moves Hm= nụ... 
: l of light, the greater the energy packed 
closer to the nucleus and the energy lost from the electron is emitted from 


into that photon. 
the atom as a photon of light. Both absorption and emission are ¡|lustrated 
II EICUFC 2.12. 
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Figure 5.12 
An electron is lifted away from the nucleus as the atom it is in absorbs a photon of light and 


drops closer to the nucleus as the atom releases a photon of light. 


Concept Check v 


Which has more energy: a photorrof red light or a photon of infrared light?. 


Was this ÿyOUf anSWeF? As shown in Figure 5.5,red light has a higher frequency than infrared light, 
which means a photon of red light has more energy than a photon of infrared light. Recall that a photon 
is a single discrete packet (a quantum) of radiant energy. 
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Figure 5.13 

Bohr's planetary model of the atom, in 
which electrons orbit the nucleus much 
like planets orbit the sun, is a graphical 
representation that helps us under- 
stand how electrons can possess only 
certain quantities of energy. 
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Bohr reasoned that because light energy is quantized, the energy of an 
electron in an atom must also be quantized. In other words, an electron 
cannot have just any amount of potential energy. Rather, within the atom 
there must be a number of distinct ¿£zøy /zel, analogous to steps on a 
staircase. WWhere you are on a staircase is restricted to where the steps are— 
you cannot stand at a height that is, say, halfway between any two adjacent 
steps. Similarly, there are only a limited number of permitted energy levels 
in an atom, and an electron can never haye an amount of enerey between 
these permitted energy levels. Bohr gave cach energy level a principal 
quantum number #, where 7 ¡is always some integer. Ihe Ìowest energy 
level has a principal quantum number ø = 1. An electron for which øz = ] 
1s as close to the nucleus as possible, and an electron for which 7ø = 2, ø# = 
3, and so forth is farther away from the nucleus. 

Using these ideas, Bohr developed a conceptual model in which an elec- 
tron moving around the nucleus is restricted to certain distances from the 
nucleus, with these distances determined by the amount of energy the elec- 
tron has. Bohr saw this as similar to how the planets are held ¡n orbit 
around the sun at given distances from the sun. The allowed energy levels 
for any atom, therefore, could be graphically represented as orbits áround 
the nucleus, as shown in Figure 5.13. Bohrs quantized model of the atom 
thus became known as the 2/2£/2ry odel 


Bohr used his planetary model to explain why atomic spectra contain 
only a limited number of light frequencies. According to the model, pho- 
tons are emitted by atoms as electrons move from hipher-energy outer 
orbits to lower-energy inner orbits. The energy of an emitted photon is 
cqual to the Z7#zcøce in enerey between the two orbits. Because an electron 
1s restricted to discrete orbits, only particular lipht frequencies are emitted, 
as atomic spectra show. 

[nterestingly, any transiton between two orbits 1s aÌways instanta- 
neous. In other words, the electron doesnt “Jump” from a higher to lower 
orbit the way a squirrel jumps from a higher branch in a tree to a Ìower 
one. Rather, ¡t takes no time for an electron to move between two orbits. 
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Bohr was serious when he stated that electrons could ø¿r exist Ö£f1£ez 
permitted energy levels! 

Bohr was also able to explain why the sum of two frequencies of lipht 
emitted by an atom often equals a third emitted frequency. Ifan electron is 
raised to the third energy level—that is, the third highest orbit, the one for 
which ø = 3—it can return to the first orbit by two routes. As shown in 
Fipure 5.14, Ir can return by a single transition from the third to the frst 
orbit, or It can return by a double transition from the third orbit to the sec- 
ond and then to the ñrst. The sinele transition emits a photon of frequency 
C, and the double transition emits two photons, one of frequency A and 
one of frequency B. These three photons of frequencies A, B, and © are 
responsible for three spectral lines. Note that the energy transition for Á 
plus B ¡s cqual to the energy transition for C. Because Írequency 1s propor- 
tional to energy, frequency A plus frequency B equals frequency C. 


j}= 5Ì m5 hi “= \_ Frequency Â .— 


Lộ) VỀ ¿^ Ý Frequency C 


\ 


Concept Check v 


Suppose the frequency of light emitted in Figure 5.14is 5 billion hertz along 
path A and 7 billion hertz along path B. What frequency of light is emitted 
when an electron makes a transition along path C? 


Was this Y0uF anSWeFT? Add the two known frequencies to get the frequency of path C: 
5 billion hertz + 7 billion hertz = 12 billion hertz. 


Bohrs planetary atomic model proved to be a tremendous success. By 
utilizing Plancks quantum hypothesis, Bohrs model solved the mystery of 
atomic spectra. [Öespite Its SuCC€SS€S, though, Bohrs model was limited 
because it did not explain why energy levels in an atom are quantized. Bohr 


Figure 5.14 

(a) The frequency of light emitted (or 
absorbed}) by an atom is proportional to 
the energy difference between electron 
orbits. Because the energy differences 
between orbits are discrete, the Íre- 
quencies of light emitted (or absorbed) 
are also discrete. The electron here can 
emit only three discrete frequencies of 
light—A, B, and C. The greater the tran- 
sition, the higher the frequency of the 
photon emitted. (b) The sum of the 
energies (and frequencies) for transi- 
tions A and B equals the energy (and 
frequency) of transition C. 
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himself was quick to point out that his model was to be interpreted onÌy as 
a crude beginning, and the picture of electrons whirling about the nucleus 
like planets about the sun was not to be taken literally (a warning to which 
popularizers of science paid no heed). 


5.5 Eledrons Exhibit Wave Properties 


If lipht has both wave properties and particle properties, why cant a material 
particle, such as an electron, also have both? This questton was posed by the 
French physicist Louis de Broglie (1892-1987) while he was still a graduate 
student in 1924. His revolutionary answer was that every particle of matter 
1s somehow endowed with a wave to guide ít as It travels. [The more sÌlowly an 
electron moves, the more its behavior Is that of a particle with mass. The 
more quickly It moves, however, the more its behavior ¡s that of a wave of 
energy. This duality is an extension of Einsteins famous equation # = #£Ÿ, 
which tells us that matter and energy are Interconvertible (Section 4.9). 

A practical application of the wave properties of fast-moving £lectrons 
1s the electron microscope, which focuses not visible-light waves but rather 
electron waves. Because electron waves are much shorter than visible-lipht 
waves, electron microscopes are able to show far greater detail than optical 
Immicroscopes, as Figure 5.15 shows. 


(b) 


Figure 5.15 

(a) An electron microscope makes practical use of the wave nature of electrons.The wavelengths 
of electron beams are typically thousands of times shorter than the wavelengths of visible light, 
and so the electron microscope is able to distinguish detail not visible with optical microscopes. 
(b) Detail of a female mosquito head as seen with an electron microscope at a “low” magnifica- 
tion of 200 times. Note the remarkable resolution. 


5.5 Electrons Exhibit Wave Properties 147 


Ìn an atom, an electron moves at very hiph speeds——on the order of 2 
million meters per second——and therefore exhibits many of the properties 
of a wave. Ấn electrons wave nature can be used to explain why electrons 
In an atom are restricted to particular energy levels. Permitted energy levels 
are a natural consequence of electron waves closing in on themselves in a 
synchronized mannet, 

As an analogy, consider the wire loop shown in Eigure 5.16. Thịs loop 
1s afixed to a mechanical vibrator that can be adjusted to create waves o£ 
different wavelengths in the wire. ÑWaves passing throuph the wire that 
meet up with themselves, as shown in Eigure 5.Lób, form a stationary wave 
pattern called a s/2⁄7ø +zue. This pattern results because the peaks and 
valleys of successive waves are perfectly matched, which makes the waves 
reinforce one another. With other wavelengths, as shown ¡in Figure 5. lóc, 
Successive waves are not synchronized. As a result, the waves do not build 
to great amplitude. 

The only waves that an electron exhibits while confined to an atom are 
those that are selfreinforcing. These are the ones that resemble a standing 
wave centered on the atomic nucleus. Each standing wave corresponds to 
one of the permitted energy levels. Only the frequencies of light that match 


Mechanical Wire 
vibrator loop 
(a) 
(b) Wavelength is self-reinforcing. (c) Wavelength produces chaotic motion. 
Figure 5.16 


For the fixed circumference of a wire loop, only some wavelengths are self-reinforcing. 

(a) The loop affixed to the post of a mechanical vibrator at rest.Waves are sent through 
the wire when the post vibrates. (b) Waves created by vibration at particular rates are self- 
reinforcing. (c) Waves created by vibration at other rates are not self-reinforcing. 
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Hands-On Chemistry: Rubber Waves 


Stretch a rubber band between your two thumbs and pluck one length of it. 
Note that no matter where along the length you pluck, the area of greatest 
oscillation is always at the midpoint. This is a self-reinforcing wave that occurs 
as overlapping waves bounce back and forth from thumb to thumb. 

Under regular light, it is difficult to see the waves traveling back and forth. 
For a better view, pluck the rubber band in front of a computer monitor or a 
television screen that uses a cathode ray tube. The light from these devices, 
which acts like a strobe light, makes the waves appear to slow down. 

Vary the tension in the rubber band to see different effects. 


⁄ 


the difference between any two of these permitted energy levels can be. 


absorbed or emitted by an atom. 


The wave nature of electrons also explains why they do not spiral closer. 


and closer to the positive nucleus that attracts them. By viewing cach elec- 
tron orbit as a self-reinforcing wave, we see that the circumference of the 
smallest orbit can be no smaller than a single wavelength. 


Concept Check v 


What must an electron be doing in order to have wave properties? 


Was this Y0UuFT anSWeFr? According to de Broglie, particles of matter behave like waves by virtue of 
their motion. An electron must therefore be moving in order to have wave properties. In atoms, electrons 
move at speeds of about 2 million meters per second, and so their wave nature is most pronounced. 


Probability Clouds and Atomic Orbitals Help Us Visualize Hectron Waves 


Electron waves are three-dimensional, which makes them difficult to visu- 
alize, but sclentists have come up with two ways of visualizing them: as 
probabilif clouak and as atowic orbitAb. 

As you saw IÊ you just dịd the Hands-On exercise, when you pluck a 
stretched rubber band, the resulting waves are most intense at the mid- 
point of the plucked lenpth and much weaker at the ends. Ín a similar 
fashion, standing electron waves In an atom are more Iintense ¡n some 
repions than ¡n others. In 1926, the Austrian-German scientist Erwin 
Schrodinger (1887-1961) formulated a remarkable equation from which 
the intensities of electron waves in an atom could be calculated. Ít was 
soon recognizcd that the intensity at any given location determined the 
probability of ñnding the electron at that location. In other words, the 
electron was most likely to be found where its wave intensity was greatest 
and least likely to be found where its wave intensity was smallest. 
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If we could plot the positons of an electron of a given energy over time 
as a series Of tỉny dots, the resulting pattern would resemble what ¡s called a 
probability cloud. Figure 5.17a shows a probability cloud for hydrogens 
electron. The denser a region of the cloud, the greater the probability of fnd- 
¡ng the electron ¡n that region. The densest regions correspond to where the 
electrons wave Intensity is greatest. A probability cloud ¡s therefore a close 
approximation of the actual shape of an electrons three-dimensional wave. 

An atomic orbital, like a probability cloud, specifles a volume oÊ space 
where the electron ¡is most likely to be found. By convention, atomic 
orbitals are drawn to delineate the volume ¡inside which the electron 1s 
located 90 percent of the time. This gives the atomic orbital an apparent 
border, as shown in Figure 5.17b. Thịs border ¡s arbitrary, however, because 
the electron may exist on either side of it. Most of the time, though, the 
electron remains within the border. 


(a) Probability cloud 


(b) Atomic orbital 


Probability clouds and atomic orbitals are essentially the same thing. 
They differ only in that atomic orbitals specify an outer limit, whiích makes 
them easier to depict graphically. 

As Table 5.1 shows, the ñrst four atomic orbitals are classified by the let- 
ters ø ø, Z and /and they come in a variety of shapes, some quite exqulsItc. 
The simplest is the spherical s orbital. The ø orbital consists of two lobes 
and resembles an hourglass. There are three kinds of ø orbitals, and they di£- 
fer from one another only by their orientation in three-dimensional space. 
The more complex Z orbitals have fve possible shapes, and the #orbirals 
have seven. Please do not feel compelled to memorize all the orbital shapes, 
especially the Z and #ones. Flowever, you should understand that cach 
orbital represents a different region in which an clectron Of a gIven energy 
is most likely to be found. 


Concept Check v 


What is the relationship between an electron wave and an atomic orbital? 


Was this Y0uF anSWef? The atomic orbital is an approximation of the shape of the standing elec- 
tron wave surrounding the atomic nucleus. 


In adðition to a variety of shapes, atomic orbitals also come in a VafI- 
ety of sizes that correspond to different encrgy levels. In general, highly 


Figure 5.17 

(a) The probability cloud for hydro- 
gen electron. The more concentrated 
the dots, the greater the chance of 
finding the electron at that location. 
(b) The atomic orbital for hydrogen's 
electron.The electron is somewhere 
inside this spherical volume 90 percent 
of the time. 


Figure 5.18 

The 2s orbital is larger than the 1s 
orbital because the 2s accommodates 
electrons of greater energy. 
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Table 5.1 


The First Four Atomic Orbitals: s, p, d, f 


Orbital Type Spatial Orientations 


S 
The s orbital has 

onÌy one shape, 
which is spherical. 


: _ 9œ —- 
There are 

three p orbitals. 
They differ by 
orientation. 


d x se. . — \ 
There are 
five đ orbitals. | 


ƒ 
There are 
seven f orbitals. 


energized electrons are able to extend farther away from the attracting 
nucleus, whích means they are distributed over a greater volume of space. 
The higher the energy of the electron, therefore, the larger its atomic 
orbital. Because electron energies are quantizcd, however, the possible sizes 
of the atomic orbitals are quantized. The size of an orbital is thus indicated 
by BohrS principal quantum number ø = I, 2, 3, 4, 5, Ó, 7, or greater. 

The frst two s orbitals are shown in Eigure 5.18. The smallest z orbital 
1s the 1s (pronounced one-ess), where 1 ¡s the principal quantum number. 
The next largest s orbital is the 2s, and so forth. 


5.5 Electrons Exhibit Wave Properties TöÌ 


An atomic orbital is simply a volume of space within which an electron 
may reside. Orbitals may therefore overlap one another in an atom. As 
shown in Figure 5.19, the electrons of a Ẩuorine atom are distributed 
among its 1s, 2s, and three 2ø orbitals.* 

The hourglass-shaped ø orbital illustrates the significance of the wave 
nature of the electron. Unlike the case with a real hourglass, the two lobes 
of this orbital are not open to cach other, and yet an electron freely moves 
from one lobe to the other. Io understand how this can happen, consider 
an analogy from the macroscopic world. A guitar player can gently tap a 
guitar string at its midpoint (the 12th fret) and pluck ït elsewhere at the 
same time to producce a high-pitched tone called a harmonic. CÏose inspec- 
tion of this string, shown in Figure 5.20, reveals that it oscillates everywhere 
along the string except at the point directly above the 12th fret. This point 
ofzero oscillation ¡s called a zøZ. Althouph there is no motion at the node, 
waves nonetheless travel through ¡t. Thus, the guitar string oscillates on 
both sides of the node when only one side ¡s plucked. Similarly, the point 
between the two lobes ofa ø orbital is a node through which the electron 
may pass—but only by virtue of its ability to take on the form of a wave. 


Figure 5.20 

The guitar string can oscillate on both 
sides of the 12th-fret node even when the 
string is plucked on only one side of the 
node. This occurs because waves can pass 
through the node. 


Concept Check v 


Distinguish between an orbital and one of Bohr s orbits. 


Was this Y0uF anSWeFT? An orbit is a đistinct path followed by an object in its revolution around 
another object. In Bohr's planetary model of the atom, he proposed an analogy between electrons orbit- 


ing the atomic nucleus and planets orbiting the sun. 
An atomic orbital is a volume ofspace around an atomic nucleus where an electron of a given energy 
will most likely be found. What orbits and orbitals have in common is that they both use Bohr5 principal 


quantum number to indicate energy levels ¡n an atom. 


A disadvantage of Bohrs planetary atomic model ¡s that the restriction 
that electrons in an atom can have only discrete energy values is Introduced 
arbitrarily in order to account for spectral data. Atomic models based on the 
electronis wave behavior, on the other hand, show that discrete electron 


*- Ror reasons that are beyond the scope of this text, the Ì? orbital does not exist. The 
smallest ø orbital is therefore the 2. Other nonexistent orbitals are the 12 22 1# 2/ 


and 3# 


Figure 5.19 

The fluorine atom has five overlapping 
atomic orbitals that contain its nine 
electrons, which are not shown, 
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Concaptual 


Chemistru 
czzí 


Figure 5.21 
Two electrons having opposite spins 
may pair together in an atomic orbital. 


Hands-On Chemistry: Quantized Whistle 


You can “quantize” your whistle by whistling down a long tube, such as the tube 
from a roll of wrapping paper. First, without the tube, whistle from a high pitch 
to a low pitch. Do it in a single breath and as loud as you can. Next, try the same 
thing while holding the tube to your lips. Ah, ha! Note that some frequencies 
simply cannot be whistled, no matter how hard you try. These frequencies are 
forbidden because their wavelengths are not a multiple of the length of the 
tube. 

Try experimenting with tubes of different lengths. To hear yourself more 
clearly, use a flexible plastic tube and twist the outer end toward your eat. 

When your whistle is confined to the tube, the consequence is a quantiza- 
tion of its frequencies. When an electron wave is confined to an atom, the con- 
sequenee is a quantization of the electrons energy. 


energy values are a natural consequence of the electrons confnement to the 
atom. While Bohrs planetary model accounts for the generation of lipht 
quanta, the wave model takes things a step further by treating light and 
matter ¡n the same way——both behaving sometimes like a wave and some- 
times like a particle. As abstract as the wave model may be, these successes 
indicate that ít presents a more fundamental description of the atom than 
does Bohrs planetary model. 


56 kEnergy-Level Diagrams Describe 
How Orbitals Are Occupied 


Each orbital has a capacity for two, but no more than two, electrons. To 
understand how two electrically repelling electrons may coexist In the same 
reglon oÊ space, we turn to physics. From physics we learn that electrons 
have a property called s2. Spin can have two states, and these states are 
analogous to a balÏ spinning either clockwise or counterclockwise, as shown 
in Figure 5.21. Two electrons that have opposite spins also have oppositely 


TẾ 
n 


L_ 


Clockwise electron spin Counterclockwise electron spin 


sorbital 
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aligned magnetic fields, which are mutually attractive. This compensates for 
the electrical repulsion between the electrons.* 

_—— We€ can combine this spin concept and our orbital model to “build” 
atoms electron by electron. This ¡s done by using what ¡s called an energy- 
level diagram, shown ¡in Figure 5.22. Each box represents an orbital, cach 
electron is represented by an arrow, and two electrons spinning in opposite 
directons in the same orbital are shown as twO arrows pointing in opposite 
directions. 


sorbitals  porbitals dorbitals forbitals 
High energy l 
(far from CIRE.IE 
nucleus) 
p 


h 6 ðjój Cl | vỐ MẠI ` ii cai 
: Sử 


LIHHE rỊL]EIL1D] 


LILJL4LILjL4L4 
Af 


Low energy 
(close to 
nucleus) 


Consider the lithium atom, Lï (atomic number 3), which has three elec- 
trons. In which orbitals do you suppose lithiumis electrons are most likeÌy 
to be found? As indicated in Figure 5.22, the lower a box ¡s located ¡n the 
diagram, the lower the energy of the orbital it represents. Low-energy 
'orbitals are the ones that allow the electrons to get cÌosest to the nucleus. 
Thus, these low-energy orbitals are the ones that tend to get flled first. 
Accordingly, a lithium atom in its lowest energy state, as depicted at left, has 
two electrons flling the 1s orbitaF and the third electron in the 2s orbital. 


* “This explanation is not fully accurate. Â more aCCurat€ explanation, howevr, Is 
beyond the scope of this text. 


Figure 5.22 

This energy-level diagram shows 
the relative energy levels of atomic 
orbitals in a multielectron atom 

(in this case rubidium, Rb, atomic 
number 37). 
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A boron atom, B (atomic number 5), in its lowest energy state has fÍour 
of its ñve electrons flling the 1zand 2s orbitals. Irs ñfth electron may reside 
in any one of the 2ø orbitals, all of which are at same energy level: 


m HT 


A carbon atom, C (atomic number 6), has six electrons. Five of them 
occupy the 1s, 2s, and 2ø orbitals just as the electrons in boron do. Carbon$ 
sixth electron, however, has a choice of either pairing up with the fñifth elec- 
tron in the same 2ø orbital or entering a 2? orbital of its own: 


Because electrons have a natural repulsion for one another, they do not begin 
to pair up ¡n the same orbital until alÌ the other orbitals at the same energy 
level are sinply occupied. Electrons in separate orbitals tend to spin ¡n the 
same direction, and so the arrows should be shown all pointing in the same 
direction until pairing 1s necessary. For these reasons, the two 22 electrons of 
a carbon atom ¡In its lowest energy state are in separate 22 orbitals and are 
drawn pointing In the same direction: 


` - 
+ ^x ` 
m ` ` ` 
Ặx 
` 


There is no pairing of 2ø electrons ín the nitrogen atom, N (atomic 
number 7), which has seven electrons. The oxygen atom, © (atomic num- 
ber 8), however, has eight electrons, two of which are forced to pair up in 
one 2ø orbital (it doesnt matter which one). 


` ` ` 
` |2». |2» ` ` ` 
0 THIÊ 
Àx x.J MS 
md kh) 


5.6 Energy-Level Diagrams Describe How Orbitals Are Occupied 


How electrons enter orbitals of the same energy level, such as the three 
2p orbitals, is not unlike a bunch of strangers boarding a bus with double 
seats. Pretend these strangers prefer to occupy double seats alone. Only 
after all the seats are singly occupied do the strangers begin to pair up. 


The arrangement of electrons in the orbitals of an atom ¡s called the 
atom$s electron configuration. The electron configuration of any atom 
can be shown in an energy-level diagram like Figure 5.22 by placing 
that atoms electrons in the orbitals in order of increasing energy level. 
Also, remember to pair electrons of opposite spin in an orbital only when 
n€C€SSAaTÿ. 


Concept Check v 


1. How many 3đ orbitals are there? 
2. Fill in this energy-level diagram for sodium, Na (atomic number 11): 


n ỚN 
3d 


4s 

L] L]L l ` 
3s kú 
E] jNim 
2s sẽ 

1s 


Were these your answers? 


1. TRere are five 3đ orbitals, each represented by one box in an energy-level diagram. These 3đ orbitals 
differ from one another by their spatial orientations and shapes, as shown in Table 5.1. 

2. Begin with the lowest-energy orbital, which is the 1s. Place two electrons in each orbital, using oppo- 
sitely oriented arrows to represent the opposite spins of the electrons. Sodiums T1 electrons fill the 
1s, 2s,and all three 2p orbitals. The 1 1th electron resides alone in the 3s orbital. 
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An abbreviated way of presenting electron configuration is to write the 
principal quantum number and letter of cach occupied orbital and then use 
a superscript to indicate the number of electrons ¡in cach orbital. The 
orbitals of cach atom are then written in order of increasing energy levels. 
For the group l elements, this notatton is 


Hydrogen,H ï: 

Lithium, L1 19223 

Sodium,Na  1272:22/63: 

Potassium, K  1972:22/03;73/54:! 

Rubidium, Rb 1:22:22/63:23/64s232194;65:!- 

Cesium, Cs 1:22:22 p93;2364;234104p6 ;24zJ105 ,66.Ì 

Francium, Er  1;22;22/63;23/54;23z!94z65;244/!05;66;24/145J196/67. 


Note that all the superscripts for an atom must add up to the total number 
of electrons in the atom——1 for hydrogen, 3 for lithium, 11 for sodium, and 
so forth. Also note that the orbitals are not always listed in order oỂ princi- 
pal quantum number. The 4s orbital, for example, is lower in energy than 
the 3Z orbitals, as ¡s indicated on the energy-level diagram of Figure 5.22. 
The 4; orbital, therefore, appears Óđ/øze the 32 orbital. 

The properties of an atom are determined mostly by its outermost cÌec- 
trons, the ones farthest from the nucleus. These are the electrons toward the 
“outer surface” of the atom and hence the ones ¡n direct contact with the 
external environment. Elements that have similar electron configurations In 
their outermost orbitals, therefore, have similar properties. For example, in 
the alkaline metals of group 1, shown above, the outermost occupied orbital 
(shown in blue) is an s orbital containing a sinple electron. Ín general, eÌe- 
ments ¡n the same group of the periodic table have similar electron confgu- 
rations in the outermost orbitals, which explains why elements in the same 
group have similar properties——a concept first presented in Section 2.6. 


5.7 Orbitals of Similar Energles 
Can Be Grouped Into Shells 


Orbitals having comparable energies can be grouped together. As shown In 
Figure 5.23, no other orbital has energy similar to that of the 1s orbital, and 
so this orbital is prouped by itself. The energy level of the 2s orbital, how- 
ever, is very close to the energy level of the three 2ø orbitals, and so these 
four orbitals are grouped together. Likewise, the 3s and three 3? orbitals, 
the 4s fñve 3⁄2 and three 4ø orbitals, and so on. The result is a set oÝ seven 
distinct hor1zontal rows of orbitals. 

The seven rows in Figure 5.23 correspond to the seven periods in the 
periodic table, with the bottom row corresponding to the first period, the 
next row up from the bottom corresponding to the second period, and so 
on. Furthermore, the maximum number of electrons each row can hold ¡s 
cqual to the number of elements in the corresponding period. The bottom 
row in Figure 5.23 can hold a maximum of two electrons, and so there are 
only two elements, hydrogen and helium, in the frst period of the periodic 
table. The second and third rows up from the bottom cach have a capacity 
for eipht electrons, and so eight elements are found ¡in both the second and 
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High energy 
Seventh row capacity: SIIE 
BIPTEIRIE J 
32 electrons 7p LH] INIiiimiimiimiimiim 
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Sixth row capacity: 
32 electrons 
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Fifth row capacity: 
18 electrons 


Fourth row capacity: 


18 electrons 
Third row capacity: =miE 
8 electrons =i 


Second row capacity: 
8 electrons 


First row capacity: 
2 electrons 


Low energy 


third periods. Continue analyzing Eigure 2.23 In this way, and you will ñnd 
18 elements in the fourth and ñfth-periods, and 32 elements in the sixth 
and seventh periods. (As of this writing, the discovery of only 26 seventh- 
period elements has been confirmed.) 

Recall from Section 5.5 that the higher the energy level of an orbital, 
the farther away an clectron in that orbital is located from the nucleus. 
Electrons in the same row of orbitals in Figure 5.23, therefore, are roughly 


Figure 5.23 

Orbitals of comparable energy levels 
can be grouped together to give rise 
to a set of seven rows of orbitals. 
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Figure 5.24 

The second row of orbitals, which 
consists of the 2s and three 2p orbitals, 
can be represented etther as a single 
smooth spherical shell or as a cross- 
section of such a shell. 


Second row of orbitals Second row of orbitals Second row of orbitals 
(all 2s and 2p orbitals (highly simplified (cross-section of highly 
combined) perspective) simplified perspective) 


the same distance from the nucleus. Graphically, this can be represented by 
converging all the orbitals in a given row Into a single three-dimensional 
hollow shell, as shown in Eigure 5.24. Each shell is a praphic representation 
of a collection of orbitals of comparable energy in a multielectron atom. Äs 
youÏll see in the next section, this s2¿/ zzøz/ of the atom allows us to 
explain much about the organization of the periodic table. 

The seven rows of orbitals in Figure 5.23 can thus be represented either 
by a series of seven concentric shells or by a series of seven cross-sectional 
circles of these shells, as shown ¡in Figure 5.25. The number of electrons 
each shell can hold ¡s equal to the number of orbitals it contains multiplied 
by two (because there can be rwo electrons per orbital). 


(b) (c) 


Figure 5.25 

(a) A cutaway view of the seven shells, with the number of electrons each shell can hold 
indicated. (b) A two-dimensional, cross-sectional view of the shells. (c) An easy-to-draw cross- 
sectional view that resembles Bohrs planetary model. 


You ÂIÏÌ in electrons in a shelÏ diagram just as in an cnergy- -level diapram—— 
electrons first fil the shells closest to the nucleus. Also, in accordance with the 
strangers-on-a-bus analogy, electrons do not begin to pair ¡n a shell until the 
shell ¡s half ñlled. Figure 5.26 shows how this works for the frst three peri- 
ods. As with energy-level diagrams, there is one shell for each period, and the 
number of elements in a period ¡s equal to the maximum number of electrons 

the shelÌs representing that period can hold. 
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First- 
period 


elements Hydrogen 


Second- 


Lithium Beryllium Boron Carbon Nitrogen 


Third- / 
period _ () C) : Ẵ 
elements S 


Phosphorus Sulfur 


Sodium Magnesium Aluminum Silicon 


Figure 5.26 

The first three periods of the periodic table according to the shell model. Elements in the same 
period have electrons in the same shells. Elements in the same period differ from one another by 
the number of electrons in the outermost shell. 


Concept Check v 


How many orbitals make up the fourth shell? What is the electron capacity 
of this shell? 


Were these Y0uf anSWFS? There are nine orbitals in the fourth shell. In order of increasing 
energy level,they are the one 4s orbital, the fñve 3đ orbitals,and the three 4p orbitals.Because each orbital 
can hold two electrons, the total electron capacity of the fourth shell is 2 < 9 = 18 electrons, which is the 
same number of elements found in the fourth period of the periodic table. 


ụ 


In the next secuon, we explore how the shell model can be used to 
explain periodic trends. An even further simplifñied shell model, known as 
electron-ddot srucire, 1s then developed in Chapter 6 to assist you in under- 
standing chemical bonding. As you use these models, please keep In mind 
that electrons are not really confned to the “surface” ofone shelÏ or another. 
Instead, any thorough description of electrons in an atom must involve the 
orbitals these shells represent. For the purpose of an elementary under- 
standing of chemistry, however, the simplified shelÏ model is very useful. 


58 The Periodic Table Helps Us Predict 
Properties of Elements 


Larger particles of sand can be separated from smaller particles by tossing 
the sand up and down over a wire-mesh screen. All particles larger than the 
holes in the screen stay above the screen, and all particles smaller than the 


© 


Helium 


 @) @) 


Oxygen 


Fluorine Neon 


Chlorine Argon 


Two-time Nobael laureate Linus Pauling 
(1901-1994) was an early proponent of 
teaching beginning chemistry students 
a shell model from which the organi- 
zation of the periodic table could be 
described. In this model, as is described 
here, orbitals are grouped according to 
energy level. However, this shell model 
differs from that found in advanced 
physics and chemistry textboks, which 
identify a shell as a group of orbitals 
that all have the same principal quan- 
tum number. 
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Figure 5.27 

The composition of air passing 
through this membrane changes from 
21 percent oxygen to up to 44 percent 
oxygen because the larger nitrogen 
molecules get left behind. 


Hirst Mà 


Helium 


Figure 5.28 

The two electrons in a helium atom 
have equal exposure to the nucleus; 
hence, they experience the same 
degree of attraction, represented by 
the pink shading in the space between 
the nucleus and the shell boundary. 


holes pass through. Now imagine a membrane in which the pores (analo- 
gous to the holes in a screen) are so tỉny that the membrane can be used to 
separate two different-sized molecules, say nitrogen, N›, and oxygen, Ò¿. 
This would be an incredible feat because the diameters of these molecules 
differ by no more than 0.02 nanometer (2 X 10—~1! meter). Which would 
you expect to pass through such a membrane more readily: nitrogen mole- 
cules or oxyeen molecules? 

To answer this question, you need look no further than the periodic 
table, which allows you to make fairly accurate predictions about the prop- 
erties both ofatoms and of the molecules they form. For instance, the farther 
to the let and lower down in the table an element is, the larger the atoms of 
that element are. Conversely, the farther to the ripht and higher up in the 
table an element is, the smaller the atoms of that element are. Knowing this, 
you can predict that oxygen atoms, being in the same row // ƒ27//er fo #£ 
zieb¿, are smaller than nitrogen atoms, whiích means oxygen molecules are 
smaller than nitrogen molecules. The smaller oxygen molecules, therefore, 
would pass through the membrane more readily. In fact, such membranes 
exist, and they are being developed as a cost-effective means of separating 
atmospheric nitrogen from oxygen, as shown in Eigure 5.2/. 


Recall from Chapter 2 that a gradual change in properties as we move 
in any directon in the periodic table ¡s called a pez/ø/c en4. Most perl- 
odic trends can be understood from the perspective of the simplifñed shell 
model, and underlying most trends are two important concepts: /ez-sðelJ 
š/c/7g and eff£cHue ?uclear card. 

[magine you are one of the two electrons in the shell of a helium atom. 
You share this shell with one other electron, but that electron doesnt affect 
your attracton to the nucleus because you both have the same “line of sight” 
to the nucleus. Ás shown ¡n Eigure 5.28, you and your neighbor electron 
sense a nucleus of two protons, and the two of you are equally attracted to it. 

The situation is different for atoms beyond helium, which have more 
than one shell occupied by electrons. In these cases, inner-shell electrons 
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weaken the attraction between outer-shell electrons and the nucleus. 
[magine, for example, you are that second-shell electron ¡n the lithium 
atom shown ¡in Figure 5.29. Looking toward the nucleus, what do you 
sense? Not Just the nucleus but also the two electrons in the Ñrst shell. 
These two inner electrons, with their negative charge repelling your nega- 
tive charge, have the effect of weakening your electrical attraction to the 
nucleus. This ¡s inner-shell shielding——inner-shell electrons shield elec- 
trons farther out froim some of the attractive pull exerted by the positively 
charged nucleus. 


Because Inner-shell electrons diminish the attraction outer-shell elec- 


trons have for the nucleus, the nuclear charge sensed by outer-shell elec- 


trons is always less than the actual charge of the nucleus. This diminished 
nuclear charge experienced by outer-shell electrons ¡s called the effective 


nuclear charge and ¡is abbreviated Z* (pronounced zec-star), where Z7. 


stands for the nuclear charge and the asterisk indicates this charge appears 
to be less than ¡t actually ¡s. The second-shell electron in lithium, for exam- 
ple, does not sense the full effect of lithiums +3 nuclear charge (there are 
three protons ¡n the nucleus of lithium). Instead, the total charge on the 
frst-shell electrons, —2, subtracts from the charge of the nucleus, +3, to 
give an effective nuclear charge of + 1 sensed by the second-shell electron. 

For most elements, subtracting the total number of inner-shell elec- 
trons from the nuclear charge provides a convenient estimate of the effec- 
tive nuclear charge, as Figure 5.30 ¡llustrates. 


Chlorine Potassium 


+19 Actual nuclear charge 
~18_Inner-shell electrons 


+1 Effective nuclear charge 


+17 Actual nuclear charge 
-10 Inner-shell electrons 


+7 Effective nuclear charge 


(a) (b) 


The Smallest Atoms Are at the Upper Right of the Periodic Table 


Erom left to right across any row of the periodic table, the atomic diameters 
get ø/zz. Lets look at this trend from the point o£view o£effective nuclear 
charge. Consider lithium outermosf electron, which experiences an effec- 
tive nuclear charge of +1. Then look across period 2 to neon, where cach 
outermost electron experiences an efective nuclear charge o£ +8, as Figure 
5.31 shows. Because the outer-shell neon electrons experlence a gr€ater 
attraction to the nucleus, they are pulled ¡n closer to ít than ¡s the outer-shell 
electron in lithium. So neon, although nearly three times as massive as 


First shell 


second shell.. 


Lithium 


Figure 5.29 

Lithiums two first-shell electrons shield 
the second-shell electron from the 
nucleus. The nuclear attraction, again 
represented by pink shading, is less 
intense in the second shell. 


Figure 5.30 

(a) A chlorine atom has three occupied 
shells. The 2 + 8 = 10 electrons of the 
inner two shells shield the 7 electrons 
of the third shell from the +17 nucleus. 
The third-shell electrons therefore 
experience an effective nuclear charge 
of 17 — 10 = +7.(b) In a potassium 
atom, the fourth-shell electron experi- 
ences an effective nuclear charge of 
JO =lö— 1. 
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Figure 5.31 

Lithium's outermost electron experiences an effective nuclear charge of +1, 
while those of neon experience an effective nuclear charge of +8. As a result, 
the outer-shell electrons in neon are closer to the nucleus than is the outer- 
shell electron in lithium, and so the diameter of the neon atom is smaller 
than the diameter of the lithium atom. 


Lithium Neon 


lithium, has a considerably smaller diameter. In general, across any period 
from left to right, atomic diameters become smaller because of an increase 
in effective nuclear charge. Look back to Eigure 5.26 and you wilÏ see thịs 
trend illustrated for the frst three periods. In addition, Figure 5.32 shows 
relative atomic diameters as estimated from experimental data. Note there 
are some exceptions to this trend, especially between groups 12 and 13. 

Moving down a group, atomic diameters get larger because of an 
increasing number of occupied shells. Whereas lithium has a small diame- 
ter because it has only two occupied shells, francium has a much larger 
diameter because ¡t has seven occupied shells. 


xa X ® — 


Figure 5.32 

Relative atomic diameters indicated by 
height. Note that atomic size generally 
decreases in moving to the upper right 
of the periodic table. 


Concept Check v 


Which is larger, a sulfur atom, ŠS (atomic number 16), or an arsenic atom, 
As (atomic number 33)? Consult the periodic table that appears on the 
inside front cover of this textbook. 


Was this your ânSWeF? The arsenic atom is larger because it is positioned closer to the lower left 
corner of the periodic table. Note that you didn't need to memorize some long list of atomic sizes nor 
look to Figure 5.32 in order to answer this question. Instead, you were able to use a common periodic 
table as a tool to help you find the answer. 
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The Smallest Atoms Have the Most Strongly Held Electrons 


How strongly electrons are bound to an atom is another property that 
changes gradually across the periodic table. In general, the trend ¡s that the 
smaller the atom, the more tightly bound its electrons. 

As discussed earlier, effective nuclear charge increases in moving from 
left to right across any period. Thus not only are atoms toward the right in 
any period smaller, but their electrons are held more strongly. It takes about 
four times as much energy to remove an outer electron from a neon atom, 
for example, than to remove the outer electron from a lithium atom. 

Moving down any group, the effective nuclear charge generally stays the 
same. The effective nuclear charge for all group 1 elements, for example, is 
about +1. Because of thetr greater number of shells, however, elements 
toward the bottom oÊ a group are larger than elements toward the top of 
the group. The electrons in the outermost shell are therefore farther from 
the nucleus by an appreciable distance. From physics we learn that the elec- 
tric force weakens rapidÌy with increasing distance. As Figure 5.33 illus- 
trates, an outer-shell electron in a lareer atom, such as cesium, is not held 
as tightly as an outer-shelÌ electron in a smaller atom, such as lithium. Äs a 
consequence, the energy needed to remove the outer electron from a cesium 
atom ¡s about half the energy needed to remove the outer electron from a 
lithium atom. 

The combination of increasing effective nuclear charge from left to 
right and increasing number of shells from top to bottom creates a periodic 


Greater distance, 
weaker force 


Smaller distance, 
stronger force 


Lithium 


Cesium 


Figure 5.33 
In both lithium and cesium, the outermost electron experiences an effective nuclear charge of 


+1.The outermost electron in a cesium atom, however, is not held as strongly to the nucleus 
because of its greater distance from the nucleus. 
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Figure 5.34 

Trends in ionization energy. The attraction an atomic nucleus has for the outermost electrons in 
an atom indicated by height. Note that atoms at the upper right tend to have the greatest ioniza- 
tion energy and those at the lower left the least. 


trend in which the electrons in atoms at the upper ripht of the periodic 
table are held most strongly and the electrons in atoms at the lower left are 
held least strongly. This is refected in Figure 5.34, which shows ionization 
energy, the amount of energy needcd to pull an electron away from an 
atom. The greater the ionization energy, the greater the attraction between 
the nucleus and its outermost electrons. 


Concept Check v 


Which loses one of its outermost electrons more easily: a francium, Fr, 
atom, or a helium, He, atom? 


Was this VOUT afISW€F? A francium,Fr,atom loses electrons much more easily than does a helium, 
He, atom. Why? Because a francium atom' electrons are not held so tightly by its nucleus, which is buried 
deep beneath many layers of shielding electrons. 


How strongly an atomic nucleus is abÌe to hold on to the outermost 
electrons in an atom plays an important role in determining the atomS 
chemical behavior. hat do you suppose happens when an atom that holds 
its outermost electrons only weakÌy comes into contact with an atom that 
has a very strong pulÏ on Its outermost electrons? As we explore in Chapter ˆ 


6, either the atom that pulls strongly may swipe one or more electrons from 
the other atom or the two atoms may share electrons. 


In Perspective 


In this chapter we have gone into a fair amount of detail regarding atomic 
models. WWc discussed how electrons are arranged around an atomic 
nucleus. Rather than moving ¡n neat orbits like planets around the sun, 
electrons are wavelike entities that swarm in various volumes of space called 
af0wic orbz£z2/s. Furthermore, atomic orbitals of comparable energy can be 
grouped together and represented by a single se Such a shell should not 
be taken literally. Rather, the shelÍ repbresents a region of space within which 
electrons of similar energy are most likely to be found. 

Remember that these models are not to be interpreted as actual repre- 
sentatlons of the atomS physical structure. Rather, they serve as tools to 
heÌp us understand and predict how atoms behave in varlous circumstances. 
These models, therefore, are the foundation o£ chemistry and the key to 
a richer understanding of the atomic and molecular environment that 
surrounds us. 


In Perspective 
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Key Terms and Matching Definitions 


lỆ 
2. 


ĐI 
Á. 


atomic orbital 

atomIC spectrum 
conceptual model 
effective nuclear charge 
electromagnetic spectrum 
electron confguration 
energy-level diagram 
inner-shell shielding 
IOn1Zatlon energøy 

photon 

physical model 

principal quantum number ø 
probability cloud 
quantum 

quantum hypothesis 
SP€CtrOSCOD€ 

wave Írequency 
wavelength 


A representauon ofan object on some conven- 
Ient scale. 

A represenration of a system that helps us pre- 
dict how the system behaves. 

The distance between two crests of a wave. 

A measure of how rapidÌy a wave oscillates. 
The higher this value, the greater the amount 
Of energy In the wave. 


.-_ The complete range of waves, from radio waves 


to øamima rfays. 


. A device that uses a prism or diffraction grating 


to separate lipht into Its color components. 


- The pattern of frequencies of electromagnetic 


radiation emitted by the atoms of an element, 
considered to be an elements “fñingerprint. ” 


‹- The idea that lipht energy is contained in dis- 


crete packets called quanta. 


. Á small, discrete packet of light energy. 


Another term for a sinple quantum of light, a 
name chosen to emphasize the particulate 
nature of lipht. 


. Ấn integer that specifies the quantized energy 


level of an atomic orbital. 


- The pattern of electron positions plotted over 


time to show the likelihood of an electrons 
being at a given position at a given time. 


. Á replon of space in which an electron ¡n an 


atom has a 90 percent chance of being located. 


lá. Drawing used to arrange atomic orbitals in 
order of energy levels. 

15. The arrangement of electrons in the orbitals of 
an atom. 

16. The tendency of inner-shell electrons to par- 
tially shield outer-shell electrons from the 
nuclear charge. 

17. The nuclear charge experienced by outer-shell 
electrons, diminished by the shielding effect of 
inner-shell electrons. 

18. The amount of energy required to remove an 
electron from an atom. 


Review Quesftlons : 
Models Help Us Visualize the Invisible World of Atoms 


1. Ifa baseball were the size of the Earth, about ” 
how large would its atoms be? 


2. When we use a scanning tunneÌing microscope, 
do we see atoms directly or do we see them 
only Indirectly? 


3. Why are atoms invisible to visible light? 


4. Nhat is the difference between a physical 
model and a conceptual model? 


5, Nhat ¡s the function of an atomic model? 


Light Is a Form of Energy 


6. Does visible lipht constitute a large or small 
portion of the electromagnetic spectrum? 


7. Why does ultraviolet light cause more damage 
to our skin than visible lieht? 


8. As the frequency of lipht increases, what 
happens to its energy? 


9. Nhat does a spectroscope do to the light 


coming from an atom? 


Atoms Can Be Identified by the Light They Emit 
10. WWhat causes an atom to emit light 


11. Why do we say atomic spectra are like fñnger- 
prints of the elements? 


12. What did Rydberg note about the atomic spec- 
trum o£ hydrogen? 


Niels Bohr Used the Quantum Hypothesis 
to Explatn Atomic Spectra 


13. What was Plancks quantum hypothesis? 


lá. Which has more potential energy: an electron 
close to an atomic nucleus or one far from an 
atomic nucleus? 


15. What happens to an electron as it absorbs a 
photon of light? 


16. Nhat is the relatonship between the light emit- 
ted by an atom and the energies of the electrons 
In the atom? 


17. Did Bohr think of his planetary model as an 
aCcurate representation of what an atom looks 


like? 


Electrons Exhibit Wave Properties 


18. About how fast does an electron travel around 
the atomic nucleus? 


19. How does the speed of an electron change its 
fundamenral naturce? 


20. Who developed the equation that relates the 
intensity ofan electrons wave to the electrons 
most probable location? 


21. How is an atomic orbital similar to a probabil- 


iry cloud? 


Energy-Level Diagrams Describe 
How Orbitals Are Occupied 


22. How many electrons may reside in a single 
orbital? 


23. How many 2ø orbitals are there, and what 
¡s the total number of electrons they can 


hold? 


24. WWhat atom has the electron confguration 
132 252 22%: 

25. Which electrons are most responsible for 
the physical and chemical Properties of an 
atom? 


26. Using the abbreviated notation, give the elec- 
tron confñguration for strontium, Sr (atomic 
number 38). 
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Orbitals of Similar Energies Can Be Grouped into Shells 
27. What do the orbirals in a shell have in common? 


28. The shell model presented in this book is not 
very accurate. WWhy then is it presented? 


29. How many orbitals are there ¡n the third shell? 


30. How is the number of shells an atom oÊa given 
element contains related to the row of the perI- 
odic table in which that element ïs found? 


31. What ¡s the relationship between the maxinum 
number of electrons each shell can hold and the 
number of elements in cach period of the peri- 
odic table? 


The Periodic Table Helps Us Predict Properties of Elemenfs 


32. How would you know from looking at the per1- 
odic table that oxygen, © (atomic number 8), 
molecules are smaller than nitrogen,  (atomic 
number 7), molecules? 


33. The nucleus ofa carbon atom, C (atomic num- 
ber 6), has a charge of +6, but this is not the 
charge sensed by electrons in carbons outer 


shell. Why? 


34. How many shells are occupied by electrons In a 
gold atom, Âu (atomic number 79)? 


35. Based on the periodic trend of atomic diameter, 
which should be larger, an atom of technetium, 
Tc (atomic number 43), or an atom of tanta- 
lum, Ta (atomic number 73)? 


36. Nhat ¡s the efective nuclear charge for an elec- 
tron in the outermost shell of a Ñuorine atom, 
F (atomic number 9)? How about one in the 
outermost shell of a sulfur atom, S (atomic 
number 16)? 


37. Why is it more difficult for Ñuorine to Ìose an 
electron than for sulfur to do so? 


Hands-On Chemistry Insights 
Spectral Patterns 


The diffraction gratings used in rainbow glasses have 
lines etched vertically and horizontally, which makes 
the colors appear to the left and ripht, above and 
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below, and ¡n all corners as well. A compact disk 
behaves as a diffraction grating because its surface 
COntains many rows OÊ microsCOpIC pItS. 

To the naked eye, a plowing element appears as 
only a single color. However, this color is an average of 
the many different visible frequencies the element 1s 
emitting. Only with a device such as a spectroscope 
are you able to discern the different Írequencies. So 
when you look at an atomic spectrum, dont get con- 
fused and think that cach frequency of light (color) 
corresponds to a different element. Instead, remember 
that what you are looking at 1s all the Írequencies of 
light emitted by a single element as its electrons make 
transitions back and forth between energy leveÌs. 

Not all elements produce discrete-line patterns 
in the visible spectrum. Tungsten, for example, pro- 
duces the full spectrum of colors (white light), which 
makes it useful as the glowing component of a 
cars headliphts, as shown ¡in the photograph below. 
AIso, the sunlipht refectng of the moon, also 
shown below, is so bripht and contains the øÌÏow oÊ so 
many different elements that it, too, app€ars as a 
broad spectrum. 


Rubber Waves 


A self-reinforcing wave may sound beautiful on a 
guitar, but it can spell disaster for a bridge. In 1940, 
light winds across the Tacoma Narrows in the state of 
Washinpton caused the newlÌy constructed Tacoma 
Narrows Bridge to start oscilating at a frequency 
that allowed the waves to be selfreinforcing. As the 
energy of the wind was absorbed by the bridge, the 
Waves grew stronger (over the course of several days), 
to the point where the bridge collapsed. One of the 
tasks of building a durable structure, therefore, is to 
design ít such that self-reinforcing waves are not 
likely to form. 


Quantized Whistle 


People watching you perform this activity may not 
believe that the audible “steps” ofyour whistling down 
the tube are not intentional. Explain quantization to 
them before allowing them to attempt this activity for 
themselves. lry to count the number of steps in your 
tubular whistle, understanding that each step is analo- 
gous to an energy level in an atom. Does a longer tube 
create Íewer or more steps than a shorter tube? Ñhy is 
It so dificult to whistle down a garden hose? 


If you punch a few holes along the tube, you 
alter the frequencies of the standing waves that can 
form ¡n the tube, with the result that different 
pitches are produced. Thịs is the underlying princi- 
ple in such musical instruments as futes and saxo- 


phones. 


ExerCiseS 


1. With scanning tunneling microscopy (STM) 
technology, we see not actual atoms, but rather 
Images of them. Explain. 


2. Why is it not possible for an ŠIM to make 


images of the Inside of an atom? 


3. Would you use a physical model or a concep- 
tual model to describe the following: brain, 
mind, solar system, birth of universe, stranger, 
best friend, gold coin, dollar bil, car engine, 
virus, spread of sexually transmitted disease? 


4. How might you distinguish a sodium-vapor 
lamp from a mercury-vapor lamp: 


5. How can a hydrogen atom, which has only one 
electron, create so many spectral lines? 


6. Suppose a certain atom has four energy levels. 
Assuming that all transitions between levels 
are possible, how many spectral lines will this 
atom exhibit? Which transition corresponds 
to the highest-energy light emitted? Which 
corresponds to the lowest-energy light 
emitted? 


Nucleus 


7. An electron drops from the fourth energy levcl 
in an atom to the third level and then to the 
ñrst level. Two frequencies of light are emitted. 
How does their combined energy compare with 
the energy of the single frequency that would 
be emitted i£ the electron dropped from the 
fourth level directly to the frst level 


8. 


10. 


IHHỆ 


do 


Nhu, 


14. 


li 


TỐ, 
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Figure 5.14 shows three energy-level transitlons 
that produce three spectral lines ¡in a spectro- 
scope. Note that the distance between the 

 = 1 and ø = 2 levels is preater than the 
distance between the ø = 2 and ø = 3 levels. 
Would the number oỂ spectral lines produced 
change ¡f the distance between the ø = I and 
ø = 2 levels were exactly the same as the dis- 
tance between the ø = 2 and ø = 3 levelsi 


. Which color of lipght comes Írom a greater 


energy transition, red or blue? 


How does the wave model of electrons orbiting 
the nucleus account for the fact that the elec- 
trons can have only discrete energy values? 


What mighrt the spectrum of an atom look like 
if the atomš electrons were not restricted to 
particular energy levels? 


How does an electron get from one lobe ofa 
ø orbital to the other? 


Lipht ¡is emitted as an eÌectron transitlons 

from a higher-energy orbital to a lower-enetgy 
orbital. How long does it take for the transitlon 
to take place? At what poInt In time is the elec- 
tron found between the two orbitals? 


WWhy ¡is there only one spatial orientation for 
the s orbital? 


In which lobe ofa ø orbital is an electron more 


likely found? 


Eill in these three energy-level diaprams. hy 
do these three elements have such similar chem- 
ical properties? 


b 
3d 


4s 
: 
: 


nan 


Oxygen,O 
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EIE-IL ] 


Sulfur,S 


L]P-JL] 
jm.“ .. 


 =E 


Selenium,Se 


17. When does a carbon atom contain more 
energy——when its electrons are in the conflg- 
uration on the left or when they are in the 
confguration on the ripht: 


n8 LỒN ` ` 
t-| 
F 


Carbon,C Carbon,C 
5° 252 005 I§ 725 20” 


18. Write the electron confguration for uranium, 
Ũ (atomic numbser 92), in abbreviated 
nofation. 


19. List these electron confgurations for Ñuorine In 


order of increasing energy for the atom: 


Fluorine,F Fluorine, F 
152 2s22p3 3s2 ly  n SI»E 


Fluorine,F 
19220 


20. What do the electron confgurations for the 
group 18 noble gases have in common? 


21. Place the proper number of electrons in each 


shell: 


Sodium,Na Rubidium, Rb 


Krypton, Kr Chlorine, C| 


D2. 


b2. 


24. 


5, 


26. 


z7. 


Đ. 


29, 


30. 


2D 


2. 


Nhich element ¡s represented in Fipure 5.25 ¡f 
all seven shells are ñlled to capacity? 


Doses an orbital or shell have to contain elec- 
trons In order to exist? 


WWhy does an electron in a 7s orbital have more 
enerey than one In a 1s orbital? 


Neon, Ne (atomic number 10), has a relatively 
large effective nuclear charge, and yet it cannot 
attract any additional electrons. hy? 


NWhich experiences a greater effective nuclear 
charge, an electron in the outermost occupied 
shell of neon or one in the outermost occupied 


shell of sodium? Why? 


An electron in the outermost occupied shell of 
which element experiences the greatest effective 
nuclear charge? 

sodium, Na 

potassium, K 

rubidium, Rb 

cesium, 5s 

all experience the same effective nuclear 


charge 


° no ơ?® 


List the following atoms in order of increasing 
atomic size: thallium, TÌ; germanium, Ge; tin, 


Šn; phosphorus, P: 


__ . SH sả ac... 
(smallest) (largest) 


Arrange the following atoms in order OŸ increas- 
ing ionization energy: tin, Sn; lead, Pb; phos- 
phorus, P; arsenic, Ás: 


< = = 
(least) (most) 


NWhich of the following concepts underlies all 
the others: ionization energy, efective nuclear 
charge, atomic s1z€? 


It is relatively easy to pull one electron away 
from a potassium atom but very difficult to 
remove a second one. se the shell model and 
the idea of efective nuclear charge to explain 
why. 


Another interesting periodic trend ¡s density. 
Osmium, Ós (atomic number 76), has the 
Ør€at€st density of all elements, and, with 


TD: 
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some exceptions, the closer an element 1s tO 
osmium ¡n the periodic table, the greater Its 
density. se this trend to list the following 
elements in order of increasing density: cOpper, 
Cu; gold, Au; platinum, Pt; and silver, Ag: 


"...-- - ân ẽ .c.. _........ 
(least dense) (most dense) 


How is the following graphic similar to the 
energy-level diapram of Figure 5.23? se It to 
explain why a gallium atom, Ga (atomic num- 
ber 31), is larger than a zinc atom, Zn (atomic 
number 30): 
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Exploring Further 


George Gamow, 7y Wars 1hat Shook Physies. 
New York: Dover, 1985. 


A historical tracing of quantum theory by 
someone who was part of its development. 


G. ]. Milburn, Šezø272gerš Mlacb7øés. New York: 
Ñ..E1, Eiccilan, }997, 


Our understanding of quantum theory has 
already led to a number of society-shaping inven- 
tions, such as the transistor, a basic component 

of all computers, and the laser, which scans every- 
thing from our groceries to our music. This book 
pPresents some of the newer and Íantastic quantum 
technologies we can expect ¡n the next 50 years. 


http://www.achilles.net/~jtalbot 


A superb site for learning about the spectral 
patterns of stars and how they are used to study 
the universe. 


http://www.achilles.net/~jtalbot/data/elements/index.html 


Here ¡s where you will nd hiph-resolution 
spectral patterns of a variety of elements. 


http://www.physics.purdue.edu/nanophys 


Site of the nanoscale physics laboratory of 
Purdue Ủniversity, where they look at things 
that are really, really, really, really, really, really, 
really small. Lots oÊ pretty pIctures. 


http://www.superstringtheory.com 


Ifyou think the wave nature of the electron 

is bizarre, explore this site for information on 
and references to the potentially revolutionary 
theory that particles, forces, space, and time are 
merely manifestations of incredibly tíiny strings 
that exist In 1J dimensions. 


the 
6(Grt nietry 
© `\v place 
Atomic Models 
Visit The Chemistry Place at: 
WWwWw.aw.com/chemplace 


Chemical 
Bonding and 
Molecular 
Shapes 


How Atoms Connect to One Another 


Millions of years ago, the Great Plains of the United States were ocean. Äs sea 
levels fell and at the same time the North American continent rose, many isO- 
lated pockets of seawater, called saline lakes, formed. Over time these lakes 
evaporated, leaving behind the solids that had been dissolved in the seawa- 
ter, Most abundant was sodium chloride, which collected in cubic crystals 
referred to by mineralogists as the mineral halite. When conditions were 
right, halite crystals like the ones in this chapters opening photograph 
would grow to be several centimeters acroSs. 

Why do halite crystals have such a distinct shape? As we explore in this 
chapter, the macroscopic properties of any substance can be traced to how 
its submicroscopic parts are held together. The sodium and chloride ions in a 
halite crystal, for example, are held together in a cubic orientation, and as a 
result the macroscopic object we know as a halite crystal is also cubic. 

Similarly, the macroscopic properties of substances made of molecules are 
a result of how the atoms in the molecules are held together. For example, 
many of the properties of water are the result of how the hydrogen and oxy- 
gen atoms of each water molecule are held together at an angle. Because of 
this angled orientation, one side of the molecule has a slight negative charge 
and the opposite side has a slight positive charge. This charge separation in 
water molecules gives rise to such phenomena as the inability of water and 
oil to mix and waters high boiling temperature. 
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Electron 
capacity 
First period đy 
(one occupied shell) 
Helium 


Second period 
(two occupied shells) 


Neon 


Third period 
(three occupied shells) 


Fourth period 
(four occupied shells) 


Krypton 


Figure 6.1 

Occupied shells in the group 18 ele- 
ments helium through krypton. Each 
of these elements has a filled outer- 
most occupied shell, and the number 
of electrons in each outermost occu- 
pied shell corresponds to the number 
of elements in the period to which a 
particular group 18 element belongs. 


The force of attraction that holds ions or atoms together is the electric force, 
which is the force that occurs between oppositely charged particles. Chemists refer 
to this ion-binding or atom-binding force as a chemical bond. In this chapter we 
explore two types of chemical bonds: the ionic bond, which holds ions together in 
a crystal, and the covalent bond, which holds atoms together in a molecule. 


6] An Atomic Model Is Needed to 
Understand How Atoms Bond 


In Chapter 5, we discussed how electrons are arranged around an atomic 
nucleus. Rather than moving in neat orbits like pÏlanets around the sun, elec- 
trons are wavelike entities that swarm In various volumes of space called s#ø/#. 

As was shown In Figure 5.25, there are seven shells available to the elec- 
trons in any atom, and the electrons fÏl these shells in order, from Innermost 
to outermost. Furthermore, the maximum number of electrons allowed in 
the first shell ¡s 2, and for the second and third shells it ¡s 8. The fourth and 
Ríth shells can cach hold 18 electrons, and the sixth and seventh shells can 
each hold 32 elecrons.* These numbers match the number of eÌlements ¡n 
cach period (horizontal row) of the perlodic table. Fipgure 6.1 shows how this 
model applies to the first four elements of group 18. 

Electrons in the outermost occupied shelÏ of any atom may play a sig- 
nificant role in that atoms chemical properties, including its ability to form 
chemical bonds. To indicate their importance, these electrons are called 
valence electrons (from the Latin /2z/2, “strength”), and the shell they 
occupy 1s called the valence shell. Valence electrons can be conveniently rep- 
resented as a sertes of dots surrounding an atomic symbol. This notation ¡s 
called an electron-dot structure or, sometimes, a 7/2 đø/ syzz;ølin honor 
of the American chemist G. N. Lewis, who first proposed the concepts of 
shells and valence electrons. 

Figure 6.2 shows the electron-dot structures for the atoms important in 
our discussions oÊ lonic and covalent bonds. (Atoms of elements in groups 3 
throuph 12 form 77e/z/c boz⁄, which we ÌÌ study in Chapter 18.) 

WWhen you look at the electron-dot structure of an atom, you immedi- 
ately know two important things about that element. You know how many 
valence electrons it has and how many of these are parred. Chlorine, for 
example, has three sets of paired electrons and one unpaired electron, and 
carbon has four unpaired electrons: 


Paired 


electrons 
Unpaired 


"IN Unpaired electrons 
.S° ".—~ ° 

® ( ® 
«e@Ằ © 


Chlorine Carbon 


7 These are shells of orbitals grouped by similar energy levels rather than by principal 
quantum number. See page 159. 
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Figure 6.2 
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The valence electrons of an atom are shown in its electron-dot struc- 
ture. Note that the frst three periods here parallel Figure 5.26. Also 
note that for larger atoms, not all the electrons in the valence shell are 
valence electrons. Krypton, Kr, for example, has 18 electrons in its 


valence shell, as shown in Figure 6.1, but only 8 of these are classified 


1 2 13 14 15 16 l 18 as valence electrons. 


Paired valence electrons are relatively stable. In other words, they usu- 
ally do not form chemical bonds with other atoms. For this reason, electron 
pairs in an electron-dot structure are called nonbonding pairs. (Do not 
take this name literally, however, for in Chapter 10 you ÌÍ see that, under 
the right conditions, even “nonbondine” pairs can form a chemical bond.) 
As we discuss in Section 6.5, nonbonding pairs can have a signiiicant infu- 
ence on the shape of any molecule containing them. 

Valence electrons that are unpaired, by contrast, have a strong tendency 
to participate ¡in chemical bonding. By doing so, they become paired 
with an electron from another atom. The chemical bonds discussed in 
this chapter all result from either a transfer or a sharing of unpaired valence 
electrons. 


Concept Check v 


Where are valence electrons located,and why are they important? 


Was this your ânSWeF? valence electrons are located in the outermost occupied shell of an 
atom. They are important because they play a leading role in determining the chemical properties of 
the atom. 


6.2 Atoms Can Lose or Gain Electrons to Become lons 


\hen the number of protons ¡n the nucleus of an atom equals the number 
of electrons in the atom, the charges balance and the atom ¡s clectrically 
neutral. If one or more electrons are lost or gained, as illustrated in Figures 
6.4 and 6.5, the balance ¡s upset and the atom takes on a net electric charge. 


Figure 6.3 

Gilbert Newton Lewis (1875-1946) 
revolutionized chemistry with his 
theory of chemical bonding, which he 
published in 1916. He worked most of 
his life in the chemistry department of 
the University of California at Berkeley, 
where he was not only a productive 
researcher but also an exceptional 
teacher. Among his teaching innova- 
tions was the idea of providing stu- 
dents with problem sets as a follow-up 
to lectures and readings. 
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Elec†rons are neqo†ively 
charqed. So qoining an 
elec†ron resul†s In q 
neqga†ive ion... 


. and losing ơn 
elec†ron resul†s 
in a posifive ion. 


Figure 6.4 

An electrically.neutral sodium atom 
contains 11 negatively charged elec- 
trons surrounding the 11 positively 
charged protons of the nucleus. When 
this atom loses an electron, the result is 
a positive ion. 


Any atom having a net electric charge is referred to as an ion. If electrons 
are lost, protons outnumber electrons and the ions net charge Is positive. ÏÝ 
electrons are gained, electrons outnumber protons and the ion§s net charge 
IS 1€Ø4tIVe. 

Chemists use a superscript to the ripht of the atomic symbol to indicate 
the magnitude and sign of an ions charge. Thus, as shown in Figures 6.4 
and 6.5, the positive ion formed from the sodium atom ¡is written Na!” 
and the negative ion formed from the Ñuorine atom is written F!—~. Dsually 
the numeral 7 ¡is omitted when ¡ndicating either a I+ or l— charge. 
Hence, these two ions are most frequently written Na” and F~. 

To give two more examples, a calclum atom that Ïoses two electrons Is 
written Ca?”, and an oxygen atom that gains two electrons is written QZ—, 
(Note that the convention ¡s to write the numeral before the sign, not after 
I 21 noinnn 2.) 

ÑWe can use the shell model to deduce the type of ion an atom tends to 
form. According to this model, 2/0 /£4i to lose or gan clectro0is so that the) 
cớ tp tUïth an outermost occubied sbell that is filled to capacify. LetS take a 
moment to consider this point, looking to Eigures 6.4 and 6.5 as visual 
guides. 

If an atom has only one or only a few electrons ¡n its valence shell, ít 
tends to lose these electrons so that the next shell inward, which ¡s already 
ñilled, becomes the outermost occupied shell. The sodium atom of Figure 
6.4, for example, has one electrot in ¡ts valence shell, which ¡s the third 
shell. In forming an ion, the sodium atom loses this electron, thereby mak- 
¡ng the second shell, which ¡s already filled to capacity, the outermost occu- 
pied shell. Because the sodium atom has only one valence electron to Ìose, 
it tends to form the l-+ ion. 


+ 


®® 


œG Vacant 
valence 
shell 
Na Na! (positive ion) 
11 protons 11 protons 


11 electrons 
0 net charge 


10 electrons 
+1 netcharge 


IF the valence shell ofan atom ¡s almost filled, that atom attracts electrons 
from another atom and so forms a negative ion. The fuorine atom of Figure 
6.5, for example, has one space available in its valence shell for an additional 
clectron. After this additional electron is gained, the fuorine achieves a Rlled 
valence shell. Fluorine therefore tends to form the 1— ion. 


6.2 Atoms Can Lose or Gain Electrons to Become lons 


—Eilled valence 
shell 


(X? 


F1~ (negative ion) 


9_protons 9_protons 

9 electrons 10 electrons 

0 net charge -1 net charge 
Figure 6.5 


An electrically neutral fuorine atom contains nine protons and nine electrons. When this atom 
gains an electron, the result is a negative ion. 


You can use the periodic table as a quick reference when determining 
the type of ion an atom tends to form. As Figure 6.6 shows, cach atom of 
any group 1 element, for example, has only one valence electron and so 
tends to form the 1+ ion. Each atom of any group 17 element has room 
for one additional electron ¡in ¡ts valence shell and therefore tends to form 
the I— ion. Atoms of the noble-gas elements tend not to form any type of 
ion because their valence shells are already filled to capacity. 


Concept Check v 


What type of ion does the magnesium atom, Mạ, tend to form? 


Was this YOUF ansWer? The magnesium atom (atomic number 12) is found in group 2 and has 
two valence electrons to lose (see Figure 6.2). lt therefore tends to form the 2+ ion. 


As was discussed in Chapter 5 and is indicated in Figure 6.6, the attrac- 
tion an atoms nucleus has for its valence electrons 1s weakest for elements 


either type 


Figure 6.6 
The periodic table is your guide to the types of ions atoms tend to form. 


= Weak nuclear attraction for valence 
electrons; tendency to form positive ions 


E= strong nuclear attraction for valence 
electrons; tendency to form negative ions 


bội = Strong nuclear attraction for valence 
electrons but valence shell is already 
filled; no tendency to form ions of 
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on the left in the periodic table and strongest for elements on the right. 
From sodium§ position ¡n the table, we see that a sodium atom single 
valence electron is not held very stronply, which explains why ït Is so easily 
lost. The attraction the sodium nucleus has for irs second-shell electrons, 
however, is much stronger, which is why the sodium atom rarely loses more 
than one electron. 

At the other side of the periodic table, the nucleus of a Ñuorine atom 
holds on strongly to its valence electrons, which explains why the Ñuorine 
atom tends øø/ to lose any electrons to form a positive ion. Instead, Ñuo- 
rines nuclear pull on the valence electrons is strong enough to accommo- 
đate even an additional electron “imported” from some other atom. 

The nucleus of a noble-gas atom pulls so strongly on ¡its valence elec- 
trons that they are very difficult to lose. Because there is no room left in the 
valence shell of a noble-gas atom, no additional electrons are gained. Thus, 
a noble-gas atom tends not to form an lơñ of any sort. 


Concept Check v 


Why does the magnesium atom tend to form the 2+ ion? 


Was this youf ansWer? Magnesium is on the left in the periodic table, and so atoms of this ele- 
ment do not hold on to the two valence electrons very strongly. The details of why this is so were 
explained in Section 5.8 using the concept of inner-shell shielding. For now, you need recognize only 
that, because these electrons are not held very tightly, they are easily lost, which is why the magnesium 
atom tends to form the 2+ ion. 


Using our shell model to explain how ions form works well for groups 
1 and 2 and 13 through 18. This model is too simplifñed to work well for 
the transiion metals of groups 3 through 12, however, or for the inner 
transiion metals. In general, these metal atoms tend to form positive ions, 
but the number of electrons lost varies. Depending on conditions, for 
example, an iron atom may lose two electrons to form the Fe2† ion, or it 
may Ìose three electrons to form the Fe” ion. 


Molecules Can Form lons 


Atoms form ions by losing or gaining electrons. [nterestinely, molecules can 
also become ions. Ïn most cases they do so by either losing or gaining pro- 
tons, which are the same thing as hydrogen ions, H”. (Recall that a hydro- 
gen atom Is a proton together with an electron. The hydrogen ion, HỲ, 
therefore, is simply a proton.) For example, as is explored further in Chap- 
ter 10, a water molecule, HạO, can gain a hydrogen ion, HỶ (a Proton), to 
form the hydronium ion, HạO”: 


H 

„ 
xLO. + H—) HỐ 
H H 

mi 
Water Hydrogen ion Hydronium ion 


(proton) 
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Similarly, the carbonic acid molecule H;CO¿ can Ìlose two protons to form 
the carbonate ion CO2”: 


Carbonic acid Carbonate ion Hydrogen ions 


(protons) 


How these reactions occur will be explored ¡n later chapters. For now, you 
should understand that the hydronium and carbonate ions are examples of 
polyatomic ions, which are molecules that carry a net electric charge. Iable 
6.1 lists some commonly encountered polyatomic lons. 


Table 6. 1 


Common Polyatomic lons 


Name Formula 
Hydronium ion HO” 
Ammonium ion NHạ* 
Bicarbonate ion ' HCO;~ 
Acetate ion CH;CO., 
Nitrate ion NO:— 
Cyanide ion CN” 
Hydroxide ion OH” 
Carbonate ion #90113 
Sulfate ion SH 
Phosphate ion POz3~ 


65 lonic Bonds Result from a Transfer of Electrons 


hen an atom that tends to Ìose electrons ¡s placed in contact with an atom 
that tends to gain them, the result is an electron transfer and the formation 
of two oppositely charged ions. Thịs is what happens when sodium and 
chlorine are combined. As shown in Figure 6.7, the sodium atom Ìoses one 
of its electrons to the chlorine atom, resulting ¡n the formation oŸa posi- 
tive sodium ion and a negative chloride ion. The two oppositely charged 
ions are attracted to each other by the electric force, which holds them close 
together. This electric force of attractton between two oppositely charged 
ions is called an ionic bond. 


lons formed lonic bond 


"`. & 


Sodium chloride, NaC] 


Electron transfer 


t #* 


Sodium and 
chloride ions 


Sodium and 
chlorine atoms 


Figure 6.7 

@) An electrically neutral sodium atom 
loses its valence electron to an electri- 
cally neutral chlorine atom. @ This elec- 
tron transfer results in two oppositely 
charged ions. ® The ions are then held 
together by an ionic bond. The spheres 
drawn around the electron-dot struc- 
tures here and in subsequent illustra- 
tỉions indicate the relative sizes of the 
atoms and ions. Note that the sodium 
ion is smaller than the sodium atom 
because the lone electron in the third 
shell is gone once the ion forms, leav- 
ing the ion with only two occupied 
shells. The chloride ion is larger than 
the chlorine atom because adding that 
one electron to the third shell makes 
the shell expand as a result of the 
repulsions among the electrons. 
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Figure 6.8 

(a) The ionic compound potassium 
iodide, KỊ, is added in minute quantities 
to commercial salt because the iodide 
ion,Í—, it contains is an essential 
dietary mineral. (b) The ionic com- 
pound sodium fluoride, NaF, is often 
added to municipal water supplies 
and toothpastes because it is a good 
source of the tooth-strengthening 
fluoride ion, F~. 


A sodium ion and a chÏoride ion together make the chemical compound 
sodium chloride, comamonly known as table salt. This and all other chemi- 
cal compounds containing ions are referred to as ionic compounds. All 
ionic compounds are completely different from the elements from which 
they are made. As discussed in Section 2.3, sodium chloride is not sodium, 
nor is it chỈorine. Rather, ít is a collection of sodium and chloride 1ons that 
form a unique material having its own physical and chemical properties. 


Concept Check v 
Is the transfer of an electron from a sodium atom to a chỉorine atom a 
physical change or a chemical change? 


~ 


: / 
Was this Y0OUFT anSWefF? necall from Chapter 2 that only a chemical change involves the forma- 
tion of new material. Thus this or any other electron transfer, because it results in the formation of a 
new substance, is a chemical change. 


As Figure 6.8 shows, ionic compounds typically consist of elements 
found on opposite sides of the periodic table. Also, because of how the met- 
als and nonmetals are organized ¡n the periodic table, positive Ions are øen- 
erally derived from metallic elements and negative ions are generally 
derived from nonmetallic elements. 


Sodium fluoride, NaF 


For alÏ ionic compounds, positive and negative charges must balance. Ïn 
sodium chloride, for example, there is one sodium 1+ ion for every chỈo- 
ride I— ion. Charges must also balance in compounds containing ions that 
carry multiple charges. The calclum lon, for example, carries a charge of 
2+, but the Ñuoride ion carries a charge of only 1—. Because two fuoride 
Ions are needed to balance cach calcium ion, the formula for calcium fuo- 
ride is CaF¿, as Figure 6.9 illustrates. Calcium fuoride occurs naturally ¡n 
the drinking water oŸ some communities, where ít is a good source of the 
tooth-strengthening fluoride ion, E”, 
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Figure 6.9 
A calcium atom loses two electrons 
to form a calcium ion, Ca2*. These two 


Bonds forming lonic bonds formed 


‹ electrons may be picked up by two 
tất Ca fluorine atoms, transforming the atoms 
to two fluoride ions. Calcium ions and 
fluoride ions then join to form the 
Huorine Calcum Fluorine Calcium fluoride, CaF; ionic compound calcium fluoride, CaF›, 


atom atom atom 


4 which occurs naturally as the mineral 
Fluorite fluorite. 


An aluminum ion carries a 3+ charge, and an oxide ion carries a 2— 
charge. Iogether, these ions make the ionic compound aluminum oxide, 
AlzOa, the main component of such gemstones as rubies and sapphires. 
Figure 6.10 illustrates the formation of aluminum oxide. The three oxide 
lons in AlOx carry a total charge of 6ó—, which balances the total 6+ 
charge of the two aluminum ions. Interestingly, rubies and sapphires differ 
in color because of the impurities they contain. Rubies are red because of 
minor amounts of chromium ions, and sapphires are blue because of minor 
amounts oÊ Iron and titanium Ions. 


Bonds forming lonic bonds formed 
Aluminum oxide, Al;O› 
Aluminum Oxygen 
atom atom Sapphire 


Figure 6.10 

Two aluminum atoms lose a total of six electrons to form two aluminum lons, AI3*. These six 
electrons may be picked up by three oxygen atoms, transforming the atoms to three oxide ions, 
O2~.The aluminum and oxide ions then join to form the ionic compound aluminum oxide, 


AlsO¿. 


Concept Check v 


What is the chemical formula for the ionic compound magnesium oxide? 


Was this Y0UuF ânSW€F? Because magnesium is a group 2 element, you know a magnesium 
atom must lose two electrons to form an Mg?T ion. Because oxygen is a group 16 element, an oxygen 
atom gains two electrons to form an O2~ ion. These charges balance in a one-to-one ratio, and so the 


formula for magnesium oxide is MgÔÕ. 


An ionic compound typically contains a multitude of ions grouped 
together ¡n a hiphly ordered three-dimensional array. In sodium chloride, 
for example, cach sodium ion is surrounded by six chỈoride ions and each 


182 Chapter6  Chemical Bonding and Molecular Shapes 


Figure 6.11 

(a) Sodium chloride, as well as other 
lonic compounds, forms ionic crystals in 
which every internal ion is surrounded 
by ions of the opposite charge. (For 
simplicity, only a small portion of the 
ion array is shown here. A typical NaCl 
crystal involves millions and millions 

of lons.) (b) A view of crystals of table 
salt through a microscope shows their 
cubic structure. The cubic shape is a 
consequence of the cubic arrangement 
of sodium and chloride ions. 


Hands-On Chemistry: Up Close with Crystals 


View crystals of table salt with a magnifying glass or, better yet, a micro- 
scope if one is available. lf you do have a microscope, crush the crystals 
with a spoon and examine the resulting powder. Purchase some sodium- 
free salt, which is potassium chloride, KCl, and examine these ìonic crystals, 
both intact and crushed. Sodium chloride and potassium chloride both 
form cubic crystals, bụt there are significant differences. What are they? 


chloride ion is surrounded by six sodium 1ons (Figure 6.11). Cverall there 
Is one sodium lon for cach chloride ion. but there are no identiRable 
sodium-chloride patrs. Such an orderÌy array of ions ¡is known as an 70c 
cryøz/. Cn the atomic level, the crystalline structure of sodium chỉloride is 
cubic, which is why macroscopic crystals of table saÌt are also cubic. Smash 
a large cubic sodium chÏoride crystal with a hammer, and what do you get? 
Smaller cubic sodium chÏloride crystalsl 


và Sodium ion, Na” 


(Ñ chioroc con, c¡- 
(a) (b) 


Similarly, the crystalline structures of other ionic compounds, such as 
calctum fuoride and aluminum oxide, are a consequence of how the ions 
pack together. 


6.4 Covalent Bonds Result from a Sharing of Electrons 


Imagine two children playing together and sharing their toys. A force that 
keeps the chiÌdren together 1s their mutual artraction to the tovs thev share. 
In a similar fashion, two atoms can be held together by their mutual attrac- 
tion for electrons they share. A fñuorine atom, for cxample, has a strong 
attraction for one additional electron to fÌÌ its outermost occupred shell. As 
shown in Figure 6.12, a Ñuorine atom can obtain an additional electron by 
holding on to the unpaired valence electron of another Ñuorine atom. Thịs 
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Figure 6.12 

The effect of the positive nuclear charge (represented by red shading) of a fluorine atom 
extends beyond the atom5 outermost occupied shell. This positive charge can cause the fluorine 
atom to become attracted to the unpaired valence electron of a neighboring fluorine atom. 
Then the two atoms are held together in a fluorine molecule by the attraction they both have 
for the two shared electrons. Each fluorine atom achieves a filled valence shell. 


results in a situation in which the two ñuorine atoms are mutually attracted 
to the same two electrons. This type of electrical attraction in which atoms 
are held together by their mutual attraction for shared electrons ¡s called a 
covalent bond, where eø- signifles sharing and -øz/zz refers to the fact that 
it is valence electrons that are being shared. 

A substance composed of atoms held together by covalent bonds is a 
covalent compound. The fundamental unit oŸ most covalent compounds 
¡sa molecule, which we can now formally delne as any øroup oÊ atoms 
held together by covalent bonds. Figure 6.13 uses the element Huorine to 
illustrate this princIple. 


Fluorine 
Gaseous elemental fluorine molecule, F; 


WWhen writing electron-dot structures for covalent compounds, chemists 
often use a straight line to represent the two electrons involved in a covalent 
bond. In some representations, the nonbonding electron palrs are left out. 
Thịs is done in instances where these electrons play no significant role in the 
process being illustrated. Here are two frequently used ways of showing the 
electron-dot structure for a Ñuorine molecule without using spheres to rep- 


resent the atoms: 
. 


Remember—the straight line in both versions represents two clectrons, ø¿ 
ơn ác? atøm. Thụs we now have DWO tYP€S of electron pairs to keep track 


Covalent bond 


Fluorine molecule, F; 


Figure 6.13 

Molecules are the fundamental units 
of the gaseous covalent compound 
fluorine, Fa. Notice that in this model 
of a fluorine molecule, the spheres 
overlap, whereas the spheres shown 
earlier for ionic compounds do not. 
Now you know that this difference in 
representation is because of the differ- 
ence in bond types. 
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Before bonding 


/ 


Hydrogen atom_ Hydrogen atom 


Covalent bond formed 


` 


` 


Hydrogen molecule, H; 


Figure 6.14 

Two hydrogen atoms form a covalent 
bond as they share their unpaired 
electrons. 


of. The term 22272g pair refers to any pair that exists in the electron- 
đot structure ofan individual atom, and the term ø77 p4/r refers to any 
pair that results from formation ofa covalent bond. In a nonbonding palr, 
both electrons come from the same atom; ¡n a bonding pair, one electron 
comes from one of the atoms taking part in the covalent bond and the other 
electron comes from the other atom taking part in the bond. 

Recall from Section 6.3 that an ionic bond ¡s formed when an atom that 
tends to lose electrons is placed in contact with an atom that tends to gan 
them. A covalent bond, by contrast, is formed when two atoms that tend to 
gain electrons are brought into contact with cach other. Atoms that tend 
to form covalent bonds are therefore primarily atoms o£ the nonmetallic ele- 
menrs in the upper ripht corner of the periodic table (with the cxccption of 
the noble-gas elements, which are very stable and tend not to form bond). 

Hydrogen tends to form covalent bonds because, unlike the other 
group 1 elements, it has a fairly strong áttraction for an additional electron. 
Two hydrogen atoms, for example, covalently bond to form a hydrogen 
molecule, Hạ, as shown In Figure 6. lá. 

The number of covalent bonds an atom can form ¡s equal to the num- 
ber ofadditional electrons it can attract, which is the number ¡it needs to fÏl 
irs valence shell. Hydrogen attracts only one additional electron, and so it 
forms only one covalent bond. Oxygen, which attracts two additional elec- 
trons, ñnds them when ¡t encounters two hydrogen atoms and reacts with 
them to form water, HO, as Figure 6.15 shows. Ín water, not only does the 
oxygen atom have access to two additional electrons by covalently bonding 
to two hydrogen atoms, but each hydrogen atom has access to an additional 
electron by bonding to the oxygen atom. Each atom thus achieves a filled 
valence shell. 


Before bonding Covalent bonds formed 


Oxygen 


atom ` Hết 


HHề Hydrogen 
atom 
Hydrogen Water molecule, H:O 
atom 


Figure 6.15 
The two unpaired valence electrons of oxygen pair with the unpaired valence 
electrons of two hydrogen atoms to form the covalent compound water. 


Nitrogen attracts three additional electrons and ¡s thus able to form 
three covalent bonds, as occurs in ammonia, NH¿, shown in Eigure 6.16. 
Likewise, a carbon atom can attract four additional electrons and is thus 
able to form four covalent bonds, as occurs in methane, CH. Note that the 
number of covalent bonds formed by these and other nonmetallic elements 
parallels the type of negative Ions they tend to form (see Figure 6.6). This 
makes sense because covalent bond formation and neøative Ion formation 
are both applications of the same concepr: nonmetallic atoms tend to gain 
electrons until their valence shells are flled. 


6.4 Covalent Bonds Result from a Sharing of Electrons 185 


Before bonding Nonbonding Figure 6.16 
lone pair (a) A nitrogen atom attracts the three 
electrons in three hydrogen atoms to 
H H form ammonia, NH;, a gas that can 


.. 


H 


dissolve in water to make an effective 
cleanser. (bì A carbon atom attracts the 
four electrons in four hydrogen atoms 
to form methane, CHa, the primary 
component of natural gas. ln these 
and most other cases of covalent bond 
formation, the result is a filled valence 
shell for all the atoms involved. 


Ammonia molecule,NH; 


Before bonding 


H 
H H 
H 
(b) Methane molecule, CHạ 


Diamond ¡s a most unusual covalent compound consisting of carbon 
atoms covalently bonded to one another in four directions. The result is a 
coualenwt crys£al, which, as shown in Figure 6.17, is a hiphly ordered three- 
dimensional network of covalently bonded atoms. This network of carbon 
atoms forms a very strong and rigid structure, which ¡s why diamonds are 
so hard. Also, because a diamond is a group ofatoms held together only by 
covalent bonds, ít can be characterized as a single moleculel! Unlike most 
other molecules, a diamond molecule is large enouph to be vistble to the 
naked eye, and so it is more appropriately referred to as a 72c70790lectfe. 


Figure 6.17 

The crystalline structure of diamond is best illustrated by using sticks to represent the covalent 
bonds. It is the molecular nature of diamond that is responsible for this material's unusual prop- 
erties, such as its extreme hardness. 


Concept Check v 


How many electrons make up a covalent bond? 


Was this YOUF answer? Two—one from each participating atom. 
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Ít is possible to have more than two electrons shared between two 
atoms, and Eigure 6.18 shows a few examples. Molecular oxygen, Ô¿, 
which is what we breathe, consists of two oxygen atoms connected by 
four shared electrons. This arrangement ¡is called a 2l eoualent bond 
or, for short, a Zøð/£ ðøz⁄,_ As another example, the covalent compound 
carbon dioxide, CO›, which ¡s what we exhale, consists of two double 
bonds connecting two oxygen atoms to a central carbon atom. 

Some atoms can form 2 cøualez£ bow⁄, in which six electrons— 
three from each atom—are shared. One example is molecular nitrogen, Ñ›. 
Most of the air surrounding you right now (about 78%) ¡s gaseous molec- 
ular nitrogen, N¿. 

Any double or triple bond ¡is often referred to as a 7/2 coalenf 
ñøzz Multiple bonds higher than these, such as the quadruple covalent 
bond, are not commonly observed. 


Oxygen, O; Carbon dioxide, CO› Nitrogen, N; 
Figure 6.18 


Double covalent bonds in molecules of oxygen, O;, and carbon dioxide, CO›, and a triple cova- 
lent bond in a molecule of nitrogen, Ñ¿. 


6.5 Valence Electrons Determine Molecular Shape 


Molecules are three-dimensional entities and therefore best depicted in three 
dimensions. We can translate the two-dimensional electron-dot structure 
representing a molecule into a more accurate three-dimensional rendering by 
using the model known as valence-shell electron-pair repulsion, also called 
VSEPR (pronounced ves-per). According to this model, electron pairs in a 
valence shelÏ strive to get as far away as possible from all other electron pairs 
in the shell, This includes nonbonding pairs and any bonding pairs or 
groups of bonding pairs held together in a double or triple bond. 

Note that the VSEPR model talks about the repulsions between pairs of 
electrons, not between the two electrons In a pair. (Recall that the electrons 
In a palr can stay together because o£ their opposite spins.) Ít is this striving 
for maximum separation distance between electron pairs that determines 
the geometry ofany molecule. 

The two-dimensional electron-dot structure for methane, CH¿, ¡s 


H 
hề Đế 
se — 
| 
H 


In thĩs structure, the bonding electron pairs (shown as straight lines repre- 
senting one electron from cach atom) are set 90 degrees apart because that 
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1s the farthest apart they can be shown ¡n two dimensions. When we extend 
to three dimensions, however, we can create a more accurate rendering in 
which the four bonding pairs are 109.5 degrees apart: 


@© 


k¿ˆ 


Stereo image 


These two renderings of methane are s/Zz£ø 74ø££—you can see them In 
three dimensions by looking at them cross-eyed so that they appear to Over- 
lap. You can think of this three-dimensional structure as follows: the cen- 
tral carbon atom has one hydrogen atom sticking out oÊ its top and ¡s sup- 
ported on a tripod who legs are formed by the three lower C-H bond:. 

Draw the four triangles defñned by the hydrogen atoms ¡n the above 
stereo images of CHÍ (one triangle being the base, the other three being the 
three vertical faces) and you ll see that the shape of the methane molecule 
1s a pyramid that has a triangular base supporting three other triangles that 
meet at the pyramid apex. Ín geometry, a pyramid that has a triangular base 
1s given the special name Z£//£Zøz, and so chemists say that the methane 
molecule Is #222: 


Stereo image of tetrahedral methane molecule 


The VSEPR model allows us to use electron-dot structures to predict the 
three-dimensional geometry of simple molecules. This geometry is deter- 
mined by considering the number oŸ s⁄6s////£zs surrounding the central 
atom. A substituent is any atom or nonbonding pair of electrons sur- 
rounding some central atom. The carbon of the methane molecule, for 
example, has four substituents—the four hydrogen atoms. The oxygen 
atom ofa water molecule also has four substituents——two hydrogen atoms 
and two nonbonding pairs of electrons: 


Central atom with „_ Central atom with Lobes used to indicate 
four substituents =- Hì four substituents ` space occupied by 


nonbonding pair 


H—C—H ".. 
: H 


Methane, CHạ Water,H;O 
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As shown in Table 6.2, when a central atom has onlÌy two substituents, 
the geometry of the molecule is 2z, meaning a single straight line may be 
drawn passing through both substituents and the central atom. Three sub- 
stituents arrange themselves in a triangle the plane of which passes through 
the central atom, and so this molecular geometry is called ø22gl2r plzø47. 
Four substituents form a tetrahedron, as already discussed. Five substituents 
result in a /7/2glar bipyz2z/42l geometry, which, as you ]Í see when you do 


Table 6.2 


Molecular Geometries 


Number of Three-Dimensional / 
Substituents Geometry Examples 
180° ` 
2 (~_. /- H-Bei O=C=O He 
Linear BeH; CO; HCN 


3 P59 2ˆ 7. L 
H lễi H In Gi CỊ 
BHa HạCO GeC]›a 
H Š s 
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Octahedral SF6 BrFs XeFa 


6.5 Valence Electrons Determine Molecular Shape 


the Hands-On Chemistry activity on page 190, ¡s two triangle-based pyra- 
mids sharing a base and having the two apexes pointing in opposite direc- 
tions. Six substituents arrange themselves around the central atom ¡n a 
geometry that, !f it had a surface, would show eipht sides. lo indicate this 
eight-sided geometry, this structure ¡s called øc/zbz2a/ 


Why these geometries? Simply put, these are the geometries that allow 
for maximum distance between substituents. 


Concept Check v 


Why are the two oxygen atoms in carbon dioxide, CO›, spaced 180 
degrees apart? 


Was this Y0uUuF anSW€F? !f the two oxygen atoms were on the same side of the carbon atom, the 
bonding electrons would be relatively close to each other: 


° 
J 


Repulsive forces 


O 
/IỀÀ) 


6) 


Incorrect geometry for 
carbon dioxide,CO› 


Because electron pairs repel one another, this is not a stable situation. Instead, the oxygen atoms posi- 
tion themselves so that the bonding pairs of the two double bonds are as far from each other as possi- 
ble, which is on opposite sides of the carbon atom, 180 degrees apart, as shown in Table 6.2. 


Molecular Shape Is Defined by Where the Substituent Atoms Are 


Now that you have learned how to use VSEPR to determine molecular 
ø£øzeízy, you are ready to see how chemists fgure out molecular s24. 
WWhats the difference, you ask? Just this: when chemists talk about molecu- 
lar geometry, they are talking about the relative positIlons OÊ £/£r//7742 SUT- 
rounding a central atom in the molecule, both atoms and nonbonding pairs 
of electrons. When they talk about molecular shape, they are talking about 
the relative positions of ø//y /Ö£ 2/003 šu?rowwljng 4 c£WVAÍ A071. 

Figuring out a molecular shape Is a two-st€p prOC€SS. The first step 1s 
to use VSEPR to positon all substituents, both atoms and nonbonding 
pairs, around a central atom. The second step ¡s to “freeze” the orientations 
youe come up with so that no atom can change its positlon, remove all 
nonbonding pairs, and then decide what three-dimensional shape the 
atoms form. Lets work through a few examples from Table 6.2 to see what 
all this means. 

In any molecule in which there are no nonbonding pairs around the 
central atom, the molecular shape ¡s the same as the molecular geometry. 
Thus, to use the examples from Table 6.2, all three two-substituent mole- 
cules have both a linear geometry and a linear shape. Both BH; and HạCO 
have a triangular planar shape, CH has a terrahedral shape, PEs a triangu- 
lar bipyramidal shape, and SFs a square bipyramidal shape. 

Now lets look at molecules that have nonbonding pairs, beginning with 
germanium chloride, GeCÌ¿, and its one nonbonding pair. The geometry 1s 
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triangular pÏanar, and to get the shape we ignore the nonbonding pair. Thịs 
reveals the germanium and two chlorine atoms held together at an angle— 
a shape known as 2ez. Similarly, ignoring the two nonbonding pairs in a 
water molecule also reveals three atoms forming a bent shape. Now you 
know why water molecules are always depicted with the two hydrogen 
atoms close to cach other like a set oŸ mouse ears rather than as far apart 4s 
possible on opposite sides of the oxygen atom-——there are two nonbonding 
pairs pushing them Inro thịs orlentation. 

Ignoring the nonbonding pair of the ammonia molecule, NHI, in 
Table 6.2 means the shape is not tetrahedral because in a tetrahedron all 
four corners must be equally distant from the central atom. Ammonias 
shape is thus more accurately defined as triangular pyramidal. 

This same process of ignoring the nonbonding electron pairs reveals 
the shapes of the remaining molecules of Table 6.2, which are shown in 
Eigure 6.19. 


Ge- O 
= t= \ 
Bent (GeCl›) Bent (H;O) Triangular pyramidal (NH:) 


See-saw (SFa) 


: xế ® - ® 
~5. 
ằ Ằ&=.. 7 ]Ƒ_—Ð xfẰ c _ 8s) 
Linear (XeF;) Square pyramidal (BrFz) Square planar (XeFa) 
` 
Figure 6.19 


The shapes of molecules from Table 6.2. 


Hands-On Chemistry: Gumdrop Molecules 


Úse toothpicks and gumdrops or jelly beans of different colors to build models 
of the molecules shown in Figure 6.19, letting the different colors represent dif- 
ferent elements. 

Once you have become proficient at building these models, test your 
expertise by building models for difluoromethane, CH;Fz; ethane, C›Hạ; hydro- 
gen peroxide, H;O-; and acetylene, C;H›. Keep in mỉnd that each carbon atom 
must have four covalent bonds, each oxygen must have two, and each fluorine 
and hydrogen must have only one. 

No fair peeking at the Hands-On Chemistry Insights at the end of this chapter 
until you have made an honest attempt to build these molecules. 


6.6 Polar Covalent Bonds Result from an Uneven Sharing of Electrons 


Concept Check v 


What ¡s the shape of a chlorine trifluoride molecule, CIF;, which has a 
triangular bipyramidal geometry: 


F 
| 
EF—CICS 

lc 


Was thís your answer? lgnore the two nonbonding pairs, and the shape of the molecule ¡s all 
four atoms in the same plane. They form a triangle having a fluorine atom at each corner and the chlo- 
rine atom sitting at the midpoint of one side: 


Call it what you like—most chemists call it T-shaped. There are even more molecular shapes that can 
be derived from the geometries in Table 6.2. How many can you fnd? How might you name them? 
Curious? Talk with your instructor. 


6.6 Polar Covalent Bonds Result from an 
Uneven Sharing of Hectrons 


T the two atoms in a covalent bond are identical, their nuclei have the same 
positive charge, and therefore the electrons are shared zwezj. Ñe can repre- 
sent these electrons as being centrally located by using an electron-dot 
structure in which the electrons are situated exactly halfway between the 
two atomic symbols. Alternatively, we can draw a probability cloud (Sec- 
tion 5.5) in which the positions of the two bonding electrons over time are 
shown as a series of dots. Where the dots are most concentrated ¡s where 
the electrons have the greatest probability of being located: 


In a covalent bond between nonidentical atoms, the nuclear charges are 
diffrent, and consequently the bonding electrons may be shared ⁄u¿z/, 
This occurs in a hydrogen-fuorine bond, where clectrons are more 
attracted to Ñuorines greater nuclear.charge: 


li sái- 
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Figure 6.20 
The experimentally measured 
electronegativities of elements. 


The bonding electrons spend more time around the Ẩuorine atom. For this 
reason, the ẨÑuorine side of the bond ¡s slightly negative and, because the 
bonding electrons have been drawn away from the hydrogen atom, the 
hydrogen side of the bond is slightly positive. This separation of charge is 
called a đipole (pronounced die-pole) and is represented either by the char- 
acters ô— and ô+, read “slightÌy negative” and “slightly positive,” respec- 
tively, or by a crossed arrow pointing to the negative side of the bond: 


On Ò0— +——> 


PC lì 


So, atoms forming a chemical bond engage in a tug-of-war for elec- 
trons. How strongly an atom ¡s able to tug on bonding electrons has been 
measured experimenrally and quantifed as the atomis electronegativity. 
The range of electronegativities rưns from 0.7 to 3.98, as Figure 6.20 
shows. The greater an atomis electronegativity, the greater its ability to pull 
electrons toward itself when bonded. Thus in hydrogen fÑuoride, fuorine 
has a greater electronegativity, or pulÏing power, than does hydrogen. 


Electronegativity is greatest for elements at the uppet right of the peri- 
odic table and lowest for elements at the lower left. Noble gases are not con- 
sidered ¡n electronegativity discussions because, with only a few exceptions, 
they do not participate in chemical bonding. .c  Ÿ 

When the two atoms in a covalent bond have the same electionegativ- 
ity, no dipole ¡s formed (as ¡s the case with Hạ) and the bond ¡s classiRed as 
a nonpolar bond. ÑWhen the electronegativities of the atoms difer, a dipole 
may form (as with HE) and the bond ¡s classified as a polar bond. Just how 
polar a bond ¡s depends on the difference between the electronegativity val- 
ues O£ the two atoms——the greater the difference, the more polar the bond. 

As can be seen in Figure 6.20, the farther apart two atoms are ¡n the 
periodic table, the greater the difference ¡n their electronegativities, and 
hence the greater the polarity-of the bond between them. So a chemist need 
not even read the electronegativities to predict which bonds are more polar 
than others. lo find out, he or she need only look at the relative positions 
of the atoms in the perlodic table—the farther apart they are, especially 
when one is at the lower left and one is at the upper right, the greater the 
polarity of the bond between them. 
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Concept Check v 


List these bonds in order of increasing polarity: P-F, S-F, Ga-F, Ge-F (F, 
fluorine, atomic number 9; P, phosphorus, atomic number 15; S, sulfur, 
atomic number 16; Ga, gallium, atomic number 31; Ge, germanium, atomic 
number 32): 


(least polar) sẽ _ = < (most polar) 


Was thịs YOUFT AnSWY? 1ƒ you answered the question, or attempted to, before reading this answei, 
hooray for you! YouTre doing more than reading the text—youTe learning chemistry. The greater the differ- 
ence in electronegativities between two bonded atoms, the greater the polarity of the bond, and so the 
order of increasing polarity is S—F < P-F < Ge-F < Ga-F. \ 

Note that this answer can be obtained by looking only at the relative positions of these elements 
in the periodic table rather than by calculating the differences in their electronegativities. 


, 


The magnitude of bond polarity is sometimes Indicated by the size of 
the crossed arrow or ồ+/ô— symbol used to depict a dipole, as shown in 
Eigure 6.21. 


Nonpolar Polar 
“—_— 


GP hÉ= 
&2!:C C:N 
+> 
Electronegativity difference: 
0 0.49 0.89 1.43 


Figure 6.21 

These bonds are in order of increasing polarity from left to right, a trend indicated by the larger 
and larger crossed arrows and ô+/ô— symbols. Which of these pairs of elements are farthest 
apart in the periodic table? 


Note that the electronegativity difference between atoms In an ionic 
bond can also be calculated. For example, the bond in NaCl has an elec- 
tronegativity diference of 2.23, far greater than the differcncc of 1.43 
shown for the C—FE bond in Figure 6.21. 

WWhat is imporrant to understand here is that there is no black-and-white 
distinction between ionic and covalent bonds. Rather, there ¡is a gradual 
change from one to the other as the atoms that bond are located farther and 
farther apart in the periodic table. This continuum ¡s illustrated in Figure 
6.22. Atoms on opposite sides of the periodic table have great differences in 
electronegativity, and hence the bonds between them are hiphly polar—in 
other words, ionic. Nonmetallic atofns of the same type have the same elec- 
tronegativities, and so their bonds are nonpolar covalenr. The polar covalent 
bond with its uneven s22 of electrons and slightly e2zgzZ atoms Is 
between these two extremes. 
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Figure 6.23 

There is no net dipole in a carbon 
dioxide molecule, and so the molecule 
is nonpolar. This is analogous to two 
people in a tug-of-war. As long as they 
pull with equal forces but in opposite 


directions, the rope remains stationary. 


lonic Polar covalent Nonpolar covalent 
Na :F H:F F:E 
===“ + 
Sodium fluoride Hydrogen fluoride Molecular fluorine 


Figure 6.22 

The ionic bond and the nonpolar covalent bond represent the two extremes of chemical bond- 

ing. The ionic bond involves a transfer of one or more electrons, and the nonpolar covalent bond 
involves the equitable sharing of electrons. The character of a polar covalent bond falls between 
these two extremes. 


6.7 Molecular Polarity Results from an 
Uneven Distribution of Electrons 


[Ý all the bonds in a molecule are nonpolar, the molecule as a whole ¡s also 
nonpolar——as is the case with Hạ, O¿s, and N¿. Ifa molecule consists of only 
two atoms and the bond between them is polar, the polarity of the molecule 
is the same as the polarity of the bond—as with HE, HCI, and CIE. 

Complexities arise when assessing the polarity of a molecule containing 
more than two atoms. Consider carbon dioxide, CO, shown in Figure 6.23. 
The cause of the dipole in either one of the carbon—oxygen bonds is oxygenSs 
greater pull (because oxygen ¡is more electronegative than carbon) on the 
bonding electrons. At the same time, however, the oxygen atom on the 
opposite side of the carbon pulls those electrons back to the carbon. The net 
result is an even distributlon of bonding electrons around the whole mole- 
cule. So, dipoles that are of equal strength but pulÏ in opposite directlons in 
a molecule efectively cancel cach other, with the result that the molecule as 
a whole Is nonpolar. 


Figure 6.24 illustrates a similar situation in boron trifuoride, BE, where 
three Huorine atoms are oriented 120 degrees from one another around a 
central boron atom. Because the angles are all the same, and because each 
fuorine atom pulls on the electrons of its boron-fluorine bond with the 
same force, the resulting polarity of this molecule is zero. 
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Nonpolar molecules have only relatively weak attractions to other non- 
polar molecules. The covalent bonds in a carbon dioxide molecule, for exam- 
ple, are many times stronger than any forces of attracton that might occur 
between two adjacent carbon dioxide molecules. This lack of attraction 
between nonpolar molecules explains the low boiling points of many nonpo- 
lar substances. Recall from Section 1.7 that boiling is a process wherein the 
molecules of a liquid separate from one another as they go into the gaseous 
phase. When there are only weak attractions between the molecules of a liq- 
uid, less heat energy ¡s required to liberate the molecules from one another 
and allow them to enter the gaseous phase. This translates Into a relatively low 
boiling point for the liquid, as, for instance, in the nitrogen, Nạ, shown in 
Figure 6.25. The boiling points of hydrogen, Ha; oxygen, Ô¿; carbon diox- 


ide, COs; and boron triluoride, BFs, are also quite low for the same reason. 


GaseousN; 


Nonpolar 
molecule 


Relatively 
weak 
attraction 


Nitrogen at — 196°C 


Figure 6.24 

The three dipoles of a boron trifluoride 
molecule oppose one another at 120- 
degree angles, which makes the overall 
molecule nonpolar. This is analogous to 
three people pulling with equal force 
on ropes attached to a central ring. As 
long as they all pull with equal force 
and all maintain the 120-degree 
angles, the ring remains stationary. 


Figure 6.25 

Nitrogen is a liquid at temperatures 
below its chilly boiling point of 

— 196°C. Nitrogen molecules are not 
very attracted to one another because 
they are nonpolar. As a result, the smaill 
amount of heat energy available at 
—196°C is enough to separate them 
and allow them to enter the gaseous 
phase. 
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Figure 6.26 

lf one person eases off in a three-way 
tug-of-war but the other two continue 
to pull, the ring moves in the direction 
of the purple arrow. 


(a) (b) 


Figure 6.27 

(a) The individual dipoles in a water 
molecule add together to give a large 
overall dipole for the whole molecule, 
shown in purple. (b) The region around 
the oxygen atom is therefore slightly 
negative, and the region around the 
two hydrogens is slightly positive. 


There are many instances ¡n which the dipoles of different bonds in a 
molecule do not cancel each other. Reconsider the rope analogy of Figure 
6.24. As long as everyone pulls equally hard, the ring stays put. [magine, 
however, that one person begins to ease offon the rope. Now the pulls are 
no longer balanced, and the ring begins to move away from the person who 
¡s slacking off, as Figure 6.26 shows. Likewise, IÝ one person began to pull 
harder, the ring would move away from the other two peopÌe. 


A similar situation occurs ¡in molecules where polar cỏvalent bonds are 
not equal and opposite. Perhaps the most relevant example is water, H¿O. 
Each hydrogen-oxygen covalent bond has a relatively large dipole because 
of the great electronegativity difference. Because of the bent shape of the 
molecule, however, the two dipoles, shown ¡in blue in Flgure 6.27, do not 
cancel each other the way the C=O dipoles in Eigure 6.23 do. Instead, the 
dipoles in the water molecule work together to give an overall dipole, shown 
in purple, for the molecule. 


Concept Check v 


Which of these molecules is polar and which is nonpolar: 


F F H F 
\ —” 
C=C C=C 
Ễ ⁄ 
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Was this Y0UF answer? Symmetry is often the greatest clue for determining polarity. Because 


the molecule on the left is symmetrical, the dipoles on the two sides cancel each other. This molecule is 
therefore nonpolar: 


H F 
` cu À Ø2 
C=C ðtƒC—C2- 
ø 3 ÁN 

F H F 


The molecule on the right is less symmetrical (more “lopsided”) and so is the polar molecule. 
Because carbon is more electronegative than hydrogen, the dipoles of the two hydrogen-carbon 
bonds point toward the carbon. Because fluorine is more electronegative than carbon, the dipoles of 
the carbon-fluorine bonds point toward the fluorines. Because the general direction of all dipole 
arrows is toward the fluorines, so is the average distribution of the bonding electrons. The fluorine side 
of the molecule is therefore slightly negative, and the hydrogen side is slightly positive. 


Eigure 6.28 illustrates how polar molecules electrically attract one 
another and as a result are relatively difficult to separate. In other words, polar 
molecules can be thought of as being “sticky,” which is why ït takes more 
energy to separate them and let them enter the gaseous phase. For this rea- 
son, substances composed of polar molecules typically have higher boiling 
points than substances composed of nonpolar molecules, as Iable 6.3 shows. 


Figure 6.28 

Water molecules attract one another 
because each contains a slightly posi- 
tive side and a slightly negative side. 
The molecules position themselves 
such that the positive side of one faces 
the negative side of a neighbor. 


Table 6.3 


Boiling Points of Some Polar and Nonpolar Substances 


Substance Boiling Point (°C) 
Polar 

Hydrogen fluoride, HF 20 
Water, H;O 100 
Ammonia, NH; =3 
Nonpolar 

Hydrogen, H; —253 
Oxygen, O; =ll5E: 
Nitrogen,N; —196 
Boron trifluoride, BFs —100 
Carbon dioxide, CO› =7 
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Figure 6.29 

Oil and water are difficult to mix, as 

is evident from this 1989 oil spill of 
the Exxon Valdez oil tanker in Alaskas 
Prince William Sound. Its not, how- 
ever, that oil and water repel each 
other. Rather, water molecules are so 
attracted to themselves because of 
their polarity that they pull themselves 
together. The nonpolar oil molecules 
are thus excluded and left to them- 
selves. Being less dense than water, 
oil floats on the surface, where it 
poses great danger to wildlife. 


NWater, for example, boils at 100°C, whereas carbon dioxide boils at — 79°C. 
Thịs 179 C° difference is quite dramatic when you consider that a carbon 
dioxide molecule is more than twice as massive as a water molecule. 

Because molecular “stickiness” can play a lead role in determining a sub- 
stances macroscopic properties, molecular polarity is a central concept of ' 
chemistry. Figure 6.29 describes an Interesting example. 


Concept Check v 


Substance A boils at 150°C, and substance B boils at 30°C. The molecules 
of these substances, represented below, are approximately the same size, 
but their shapes are different. Which substance is likely the more polar? 


Substance A ` 


Liquid 


%5 Gas 
1E 
e2 Ês› ở È 


Substance B 


Liquid «« as 


30A0 # Sế 
_ 88ÄSNV gửi 
«e.®/e^ 2e *% %œ 


Was this VOUF AïSW€F? There are two reasons to believe substance A is more polar. First, the A. 
molecules are bent, which suggests they might have a dipole, much like water has a dipole. Second, 
assuming similar sizes, polar molecules tend to stick to one another more than nonpolar molecules do, 
which means the boiling points of polar substances tend to be higher. In other words, more heat energy 
is required for polar molecules to separate from one another. (Note that boiling is a physical change 
because the molecules remain intact. 


In Perspective 


In this chapter, we explored two types of chemical bonds: ionic and cova- 
lent. lonic bonds are formed when one or more electrons move Írom one 
atom to another. In this way, the atoms become ions—one positive, the 
other negative—and are held together by the resulting electrical attraction. 
Covalent bonds form when atoms share electrons. When the sharing ¡s 
completely equitable, the bond is nonpolar covalent. When one atom pulls 
more stronely on the electrons because of its greater electronegativity, the 
bond ¡s polar covalent and a dipole may be formed. 

WWc also looked at how the shape of a molecule can play a role in 
determining its polarity and how molecular polarity has a great influence 
on macroscopic behavior. Consider what the world would be like ¡f the 
oxygen atom in a water molecule did not have ¡ts two nonbonding pairs 
of electrons. Instead of being bent, each water molecule would be linear, 
much like carbon dioxide. The dipoles of the two hydrogen—-oxygen 
bonds would cancel each other, whích would make water a nonpolar sub- 
stance and give it a relatively low boiling point. Water would not be a liq- 
uid at the ambient temperatures of our pÏlanet, and we in turn would not 
be here discussing these concepts. Hooray for the two nonbonding palrs 
on the oxygen atom! Hooray for the insights we gain by thinking about 
the molecular realm! 


ln Perspective 
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Key Terms and Matching Definitions 


TẾ 


k9 


J2 


lên 


covalent bond 
covalent compound 
dipole 

electron-dot structure 
electronegatIvity 

lon 

Ionic bond 

ionic compound 
molecule 
nonbonding palr 
nonpolar bond 

polar bond 
polyatomic lon 
substituent 

valence electron 
valence shell 
valence-shell electron-pair repulsion 


An electron that is located In the outermost 
occupied shelÏ in an atom and can participate 
in chemical bonding. 


- The outermost occupicd shell of an atom. 
. Á shorthand notation of the shell model of the 


atom in which valence electrons are shown 
around an atomic symbol. 


.- 1wo paired valence electrons that dont partici- 


p2te In a chemical bond and yet infuence the 
shape of the molecule. 


. An electrically charged particle created when 


an atom either Ìoses or øains one or more 
electrons. 


. An ionically charged molecule. 
. Á chemical bond in which an attractive eÌlectric 


force holds ions of opposite charge together. 


. Any chemical compound containing Ions. 
. Á chemical bond in which atoms are held 


together by theIr mutual attraction for two elec- 
trons they share. 


. An element or chemical compound in which 


atoms are held together by covalent bondk. 


. Á group of atoms held tiphtÌy together by 


covalent bondb. 

A model that explains molecular geometries in 
terms of electron pairs striving to be as far apart 
from one another as possible. 

An atom or nonbonding palr of eÌectrons sur- 
rounding a central atom. 


14. A separation of charge that occurs in a chemical 
bond because of differences in the electronega- 
tivitles of the bonded atoms. 

15. The ability oŸan atom to attract a bonding 
pair of electrons to itself when bonded to 
another atom. 


1ó. A chemical bond that has no dipole. 
17. A chemical bond that has a dipole. 


Review Quesftions 
An Atomic Model Is Needed to Understand How Atoms Bond 


1. How many shells are needed to account for the 
seven periods of the periodic table? 


2. How many electrons can ft in the first shell? 
How many in the second shell› 


3. How many shells are completely filled in an 
argon atom, Ar (atomic number 18) 


4. Which electrons are represented by an electron- 
đdot structurce? 


5, How do the electron-dot structures of elements 
¡n the same group ¡n the perlodic table compare 
with one another? 


6. How many nonbonding pairs are there in the 
valence shell of an oxygen atom? How many 
unpaired valence electrons? 


Atoms Can Lose or Gain Electrons to Become lons 
7. How does an ion differ from an atom? 


8. To become a negative ion, does an atom Ìose or 
gain electrons? 


9. Do metals more readily gain or lose electrons? 


10. How many electrons does the calcium atom 


tend to lose? 


11. Why does the ÑHuorine atom tend to gain only 
one electron? 


- Nhat do molecules lose or gain to become poly- 
atomIc Ions? 


lonic Bonds Result from a Transfer of Electrons 


13. Which elements tend to form Ionic bonds? 


lá. Is an ionic compound an example ofa chemical 
compound, or is a chemical compound an 
example of an ionic compound) 


15. What ¡s the electric charge on the calcium ion 
in the compound calcium chỉloride, G1. 


16. What is the electric charge on the calcium ion 
in the compound calcium oxide, CaO? 


17. Suppose an oxygen atom gains two electrons to 
become an oxygen ion. WWhat ¡s its electric charge? 


. : : À 
18. What ¡s an ionic crystal? 


Covalent Bonds Result from a Sharing of Electrons 


19. Which elements tend to form covalent 


bonds? 


20. What force holds two atoms together in a 
covalent bond? 


21. How many electrons are shared in a double 
covalent bond? 


22. How many electrons are shared in a triple 
covalent bond? 


23. How many valence electrons 1s an oxygen atom 
able to attract from other atoms? 


24. How many covalent bonds ¡s an oxygen atom 
able to form? 


Valence Electrons Determine Molecular Shape 


25. Nhat does WSEP8 stand for 
26. How many faces are there on a tetrahedron? 
27. What is meant by the term s/25////nf? 


28. When ¡s the geometry ofa molecule not the 
same as its shape? 


29. How many substituents does the oxygen atom 
¡in a water molecule have? 


Polar Covalent Bonds Result from an 
Uneven Sharing of Electrons 


30. What ¡s a dipole? 


31. Which element of the periodic table has the 
greatest electronegativity? Which has the 
smallest? 
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32. Which is more polar: a carbon-oxygen bond or 
a carbon-nitrogen bond? 


33. How is a polar covalent bond similar to an Ionic 


bond? 


Molecular Polarity Results Írom an 
Uneven Distribution of Electrons 


34. How can a molecule be nonpolar when it 
consists of atoms that have different electro- 
nepatIVities? 


35. Why do nonpolar substances tend to boil at 
relatively low temperatures? 


36. Which tends to have a greater depree of symme- 
try: a polar molecule or a nonpolar molecule? 


37. Why dont oil and water mix? 


38. Which would you describe as “stickler”: a polÌar 
molecule or a nonpolar one 


Hands-On Chemistry Insights 
Up Close with Crystals 


One thing you probably noticed under the magnify- 
¡ng glass when you compared uncrushed crystals was 
sharp, angular edges in NaC] and rounded edges in 
KCI. Then you probably found it easier to grind the 
KCI crystals to powder. These differences have the 
same origin: a potassum ion, K”, is larger than a 
sodium ion, Na”. 

The positive and negative ions in a crystal are 
attracted to one another by the attractive electric 
force between oppositely charged particles. The neg- 
ative charge on a negative lon 1s, as we saw in Chap- 
ter 5, outside the nucleus, distributed among alÏ the 
electrons. The posidve charge on a positive Ion, 
however, is all in the nucleus. This means the posi- 
tive and negative charges of the ionic bond are far- 
ther apart in the compound containing the larger 
pOSItIve ion: 


LBsăf 
Shorter distance 


between positive 
and negative charges 


—————" | 
Longer distance 
between positive 
and negative charges 
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Because the electric force weakens with increasing 
distance between the opposite charges, the KC] lonic 
bond ¡s weaker than the NaC] ionic bond. Weaker 
ionic bonds mean that KC] crystals are Ïess resilient to 
stress and impact than are NaC] crystals, accounting 
for the rounder edges you observed in the KC] crys- 
tals and for the fact that it was easier to grind the KC] 
to a powder. 

Thịs diference in bond strength is aÌso responsi- 
ble for many other differences in the physical proper- 
ties of these two substances. For instance, whereas the 
melting point of NaC] ¡s 801°C, that of KCI 1s “only” 
/TU (li 510 11CrCHCC 13 GaSý/ LƠ CX|DlAIH In 
terms of what happens when a solid-to-liquid phase 
change occurs: the particles of the solid have to be 
priled apart from one another. The weaker Ionic 
bonds in KCI mean the ions separate more easily, and 
the macroscopic evidence of this ¡s the lower melting 


point o£ KT]. 


Gumdrop Molecules 


Your molecular models should look like thús: 
:E: 
| 
.e © “tưng 
:E “ N H 


Difluoromethane, 
CH;F›, 
tetrahedron 


H 
\ „LH 


„C —C V£ 
"5 ` ` 
lãi H 
Ethane, 
C;Hạ, 


two tetrahedrons 


N ` 
:O —=): 
\ 
H 
Hydrogen peroxide, 
HạO;, 


two bent shapes 
stuck together 


H=—=£€C=.- 
Acetylene, 
C-H;, 
linear 
ExerCises 


1. An atom ÏỈoses an electron to another atom. 
Is this an example ofa physical change or a 
chemical change? 


2. Why is it so easy for a magnesium atom to Ìose 
two electrons? 


3. Why doesnt the sodium atom gain seven elec- 
trons so that its third shell becomes the ẩilled 
outermost occupied shell? 


4. Magnesium Ions carry a 2+ charge, and 
chloride ions carry a 1— charge. What ¡s the 
chemical formula for the Ionic compound 
magnesium chloride? 


5. Barium Ions carry a 2+ charge, and nitrogen 
lons carry a 3— charge. What ¡s the chemical 
formula for the iIonic compound barium 
nitride? 


.- Does an ionic bond have a dipole? 
. Why doestt a neon atom tend to gain electrons? 


. Why doesnt a neon atom tend to lose electrons? 


`°" . . -. 


. Why doesnt a hydrogen atom form more than 
one covalent bond? 


10. Nhat drives an atom to form a covalent bond: 
Its nuclear charge or the need to have a filed 


valence shell Explain. 


11. Is there an abrupt change or a gradual change 
between ionic and covalent bonds? Explain. 
| 


2. Classify the following bonds as ionic, polar 
covalent, or nonpolar covalent (O, atomic 
number 8; E, atomic number 9; Na, atomic 
number I1; CÏ, atomic number 17; Ca, 
atomic number 20; Ủ, atomic number 92): 
O with F 
Cá with CỊ 
Na with Na 


with CỊ 


12. 


1á. 


lọ. 


16. 


`7, 


18. 


20. 


2) 


“AI 


S2. 


24. 


2N 


26. 


Atoms of nonmetallic elements form covalent 
bonds, but they can also form ionic bonds. 
How is this possible? 


Atoms of metallic elements can form ionic 
bonds, but they are not very good at forming 


covalent bonds. Why? 


Phosphine Is a covalent compound of phospho- 
rus, D and hydrogen, H. What is its chemical 
formula? 


WWhy is a germanium chloride molecule, GeCb:, 
bent even though there are onÏy two atoms sur- 
rounding the central germanium atom? 


XWrite the electron-dot structure for the Ionic 
compound calcium chloride, CaC)]:. 


Nrite the electron-dot structure for the covalent 
compound cthane, C;H¿. 


. NWrite the electron-dot structure for the covalent 


compound hydrogen peroxide, HO. 


XWrite the electron-dot structure for the covalent 
compound acetylene, C;H. 


In two dimensions, sulfuric acid, HạSƠ¿, is 
often written 


Nhat three-dimensional shape does this 
molecule most likely have? 


Examine the three-dimensional geometries of 
PFs and SE in Table 6.2. Which do you think 


is the more polar compound? 
Nhat is the source of an atom§ electronegativity? 


NWhich bond is most polar: H=N, N-C, C-O, 
CC 6Ô 1,C l1: 

Which molecule ¡is most polar: S=C=S, 
O=C=O, O=C=S? 


In cach molecule, which atom carries the greater 


positive charge: H-CI, Br~E C=O, lP =Bí: 


SYẾ 


28. 


ĐI 


DỤ: 
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End of Chapter Review and Exercises 


List these bonds in order of increasing polarity: 
BẬ ÔN ]Šƒ[=J2 0€, bạiis 


ma -=ẽ `... 


(least polar) (most polar) 


NWhich ¡s more polar: a sulfur-bromine bond, 
S—Br, or a selenium—chlorine bond, Se—C ]? 


Water, HO, and methane, CH¿, have about 
the same mass and differ by onÌy one type of 
atom, Why is the boiling point oÊ water so 
much higher than that of methane 


An individual carbon-oxygen bond 1s polar. 
Yet carbon dioxide, CO2, which has two 
carbon-oxygen bonds, is nonpolar. Explain. 


31. In each pair, whích compound probably has 
the hipher boiling point (atomic numbers: 
GÌ 0003 60 r0) 
đội C] H ti 
` ⁄ ⁄ 
(a) CC —=. 
⁄ / 
H H ii lãi 
(b) S=C=O O=C=O 
C] đi | H 
` 
6) C=C 
⁄/ ` 
i| C] H 
32. Why ¡s ammonia, NHạ, more polar than 
borane, BH? 
Exploring Further 


http://www.ada.org/public/topics/ftuoride/fluoride.html 


Fluoride page of the American Dental Ässocia- 
tion, with many links to Information regarding 
Ñuorides and ñuoridation of drinking water and 
toothpastes. 


http://www.google.com 


Fluoride ions at concentrations of about I miÏli- 
gram per liter have proved most effective at 
preventing tooth decay. Ât greater concentra- 
tions, Ñuoride ions are toxic. A 10-gram dose 
of sodium ÂÑuoride, for example, 1s enouph to 
kill an adult. se the Google search engine to 
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explore the controversies of Ñuoride ions in our 
environment, using such phrases as ƒ07/4£ 7øn 
and tootb decay and ƒfuorie ion toxicr£y to do 
your search. Remember during your Ínternet 
searches that the loudest voices you encounter 
are not necessarily the most aCCurate. 


http://www.saltinstitute.org/idd.htm 


Numerous reports in the literature demonstrate 
the effectiveness of Iodized salt in controlling 
the medical condition called goiter. Check out 
this site for historical case studies that fñrst 
pointed to this conclusion. 


http://www.soils.wisc.edu/virtual_museum 


Home page of the Virtual Museum of Minerals 
and Molecules, curated by Phillip Barak of the 
University of Minnesota and Ed Nater of the 


University of Wisconsin. Through this site, you 
will ñnd molecular models that you can manipu- 
late in three dimensions. To do so, your browser 
will need to be equipped with the Chime plug- 
in, which you may download by following the 
hyperlinks to http://www.mdli.com/download/ 
chimedown.html. 


hà #tnọ š 
KÝ 
G”. place 


Chemical Bonding and Molecular Shapes 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 


How Molecules Attract One Another 


Can fish drown? To many people, this question may sound silly. Recall from 
Section 2.4, however, that fish do not “breathe“ water. Rather, their gills are 
equipped to extract oxygen molecules mixed in with water. Fish therefore can 
drown if they are in water that contains an insufficient number of oxygen 
molecules. This is what happens when excessive amounts of organic wastes 
are discharged into a lake or river. As we explore in Chapter 16, the organic 
wastes are consumed by microorganisms that also use molecular oxygen. As 
these microorganisms thrive, the amount of molecular oxygen in the water 
drops to the point where fish and many other aquatic Organisms drown. 

The number of oxygen molecules that can mix with a given volume of 
water is amazingly low. Water that has been fully aerated at room tempera- 
ture, for example, contains only about 1 oxygen molecule for every 200,000 
water molecules, a ratio represented pictorially in the illustration to the right. 
The gills of a fish, therefore, must be highly efficient at extracting molecular 
oxygen from water. 

This chapter explains how many of the physical properties of materials are a 
consequence of attractions among the submicroscopic particles making up 
the materials.Why only small amounts of oxygen can mix with water, for exam- 
ple, can be explained by the fact that the attractive forces between water mol- 
ecules and oxygen molecules are very weak.We begin by looking at four types 
of electrical attractions that occur between submicroscopic particles. 
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Figure 7.1 

Electrical attractions are shown as a 
series of overlapping arcs. The blue arcs 
indicate negative charge, and the red 
arcs indicate positive charge. 


71 Submicroscopic Particles Electrically 
Attract One Another 


We can think of any pure substance as being made up of one type of sub- 
microscopic particle. For an ionic compound, that particle ïs an ion; for a 
covalent compound, it is a molecule; and for an element, it 1s an atom. 

Table 7.1 lists four types of electrical attractions that can occur between 
these particles. The streneth of even the strongest of these attractions is many 
times weaker than any chemical bond, however. The attraction between two 
adjacent water molecules, for example, is about 20 times weaker than the 
chemical bonds holding the hydrogen and oxygen atoms together in the 
water molecules. Although particle-to-particle attractons are relatively weak, 
you can see their profound effect on the substances around you. 

Wc now explore these interparticle attractions in order of relative 
strength, beginning with the strongest. 


Table 7.1 


Electrical Attractions Between Submicroscopic Particles 


Attraction Relative Strength 
lon-dipole Strongest 
Dipole-dipole 

Dipole-induced dipole 

Induced dipole-induced dipole Weakest 


lons and Polar Molecules Attract One Another 


You probably remember from Chapter 6 that a polar molecule ¡s one ¡in 
which the bonding electrons are unevenly distributed. One side of the mol- 
ecule carries a slipht nepative charge, and the opposite side carries a slight 
positive charge. Thhis separation of charge is a dipole. 

So what happens to polar molecules, such as water molecules, when 
they are near an ionic compound, such as sodium chloride? The opposite 
charges electrically attract one another. The positive sodium ions attract 
the negative side of the water molecules, and the negative chloride ions 
attract the positive side of the water molecules. This is illustrated in Eigure 
7.1. Such an attraction between an ion and the dipole ofa polar molecule 
1s called an 7øz-⁄oÌ+ a#acHon. 

lon-dipole attractions are much weaker than ionic bonds. However, a 
large number of lon-dipole attractions can act collectively to disrupt an 
Ionic bond. Thịs is what happens to sodium chÏoride in water. Attractions 


lon-dipole attractions 


“... he. 
-*#-›/(@© @@› @- 


Polar Polar 
molecule molecule 
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Sodium 
chloride 
crystal 
lon-dipole 
attraction 
Aqueous solution of sodium chloride 
Figure 7.2 


Sodium and chloride ions tightly bound in a crystal lattice are separated from one another 
by the collective attraction exerted by many water molecules to form an aqueous solution 
of sodium chloride. 


exerted by the water molecules break the ionic bonds and pulÏ the ions away 
from one another. The result, represented in Figure 7.2, ¡s a solution of 
sodium chloride in water. (A solution in water ¡s called an 2/£01s sol#/01.) 


Polar Molecules Attract Other Polar Molecules 


An attraction between two polar molecules is called a 22øle-2;pol£ 2ir4c- 
#øø. An unusually strong dipole-dipole attracation ¡s the hydrogen bond. 
This attraction occurs between molecules that have a hydrogen atom cova- 
lently bonded to a highly electronegative atom, usually nitrogen, oxygen, or 
Ñuorine. Recall fom Chapater 6 that the clectronegativity of an atom 
describes how well that atom ¡s able to pull bonding electrons toward itself. 
The greater the atom electronegativity, the better It is able to gain electrons 
and thus the more negative is Its charge. 

Look at Figure 7.3 to see how hydrogen bonding works. The hydrogen 
side of a polar molecule (water ¡n this example) has a positive charge 
because the more electronegative oxygen the hydrogen ¡s bonded to tugs on 
the hydrogens electron. This hydrogen ¡s therefore lectrically attracted to 
a pair of nonbonding electrons on the negatively charged atom oÊ another 
molecule (¡n this case, another water molecule). Phis mutuaÌ attraction 
between hydrogen and the negatively charged atom of another molecule 1s 
a hydrogen bond. 

The strength of a hydrogen bond depends on two things: (1) the 
strength of the dipoles involved (this in turn depends on the difference In 
electronegativity of the atoms in the polar molecules) and (2) how stronply 
nonbonding electrons on one molecul€ can attract a hydrogen atom on a 
nearby molecule. 

Even though the hydrogen bond is much weaker than any covalent 
or ionic bond, the efects of hydrogen bonding can be very pronounced. 


Dipole-dipole 
attraction 
(hydrogen 
bond) 


Figure 7.3 

The dipole-dipole attraction between 
two water molecules is a hydrogen 
bond because it involves hydrogen 
atoms bonded to highly electronega- 
tive oxygen atoms. 
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For example, water owes many of its properties to hydrogen bonds. The 
hydrogen bond is also oÊ great importance in the chemistry of large mole- 
cules, such as DNA and proteins, found ¡in living organisms. These mole- 
cules are discussed in Chapter 13. 


Polar Molecules Can Induce Dipoles in Nonpolar Molecules 


In many molecules, the electrons are distributed evenly, and so there is no 
dipole. The oxygen molecule, O›, ¡s an example. Such a nonpolar molecule 
can be induced to become a temporary dipole, however, when it is brought 
close to a water molecule or any other polar molecule, as Figure 7.4 ilÌus- 
trates. The sliphtly negative side of the water molecule pushes the electrons 
in the oxygen molecule away. Thus oxygenS electrons are pushed to the side 
that is farthest from the water molecule. The resut is a temporary uneven dlis- 
tributlon of electrons called an induced dipole. The resulting attracton 
between the permanent dipole (water) and the induced dipole (oxygen) is a 
1pole—tnducedl dbole AlfAcH001. 


Dipole—induced dipole 


attraction 
ồô— 
_ so _ ` 
lsolated oxygen molecule Induced dipole Permanent dipole 
(nonpolar) (oxygen molecule) (water molecule) 
(a) (b) 
Figure 7.4 


(a) An isolated oxygen molecule has no dipole; its electrons are distributed evenly. (b) An adja- 
cent water molecule induces a redistribution of electrons in the oxygen molecule. (The slightly 
negative side of the oxygen molecule is shown larger than the slightly positive side because the 
slightly negative side contains more electrons.) 


Concept Check v 


How does the electron distribution in an oxygen molecule change when 
the hydrogen side of a water molecule is nearby? 


Was this Y0UF añSW@FT? Because the hydrogen side of the water molecule is slightÌy positive, 
the electrons in the oxygen molecule are pulled toward the water molecule, inducing in the oxygen 
molecule a temporary dipole in which the larger side is nearest the water molecule (rather than as far 
away as possible as it was in Fiqgure 7.4). 


Remember, induced dipoles are only temporary. If the water molecule 
In Figure 7.4b were removed, the oxygen molecule would return to is nor- 
mail, nonpolar state. Às a consequence, dipole-induced dipole attractions 
are weaker than dipole-dipole attractions. Dipole-induce dipole attractions 
are strong cnouph to hold relatively small quantities of oxygen dissolved in 
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water, however. As this chapters introduction discusses, this attraction 
between water and molecular oxygen ¡s vital for fish and other forms of 
aquatic life that rely on molecular oxygen mixed in water. 

Dipole-induced dipole attractions also occur between molecules of car- 
bon dioxide, which are nonpolar, and water. It ¡s these attractions that help 
keep carbonated beverages (which are mixtures of carbon dioxide in water) 
from losing their fñzz too quickly after theyve been opened. Dipole- 
induced dipole attractions are also responsible for holding plastic wrap to 
glass, as shown In Figure 7.5. These wraps are made of very long nonpolar 
molecules that are Induced to have dipoles when placed in contact with 
glass, which ¡s hiphly polar. As ¡s discussed next, the molecules ofa nonpo- 
lar material, such as plastic wrap, can also induce dipoles among them- 
selves. This explains how plastic wrap sticks not only to polar materials such 
as glass but also to itself. 


Concept Check v 


Distinguish between a dipole-dipole attraction and a dipole-induced dipole 
attraction. 


Was this YOUFT anSW€F? The dipole-dipole attraction is stronger and involves two permanent 
dipoles. The dipole-induced dipole attraction is weaker and involves a permanent dipole and a tem- 
porary one. 


Atoms and Nonpolar Molecules Can Form Temporary Dipoles on Their Ôwn 
Individual atoms and nonpolar molecules, on average, have a fairly even 
distribution o£ electrons. Because of the randomness of electron motion, 
however, at any given moment the electrons in an atom or a nonpolar moÌ- 
ecule may be bunched to one side. The result is a temporary dipole, as 
shown in Figure 7.6. 

Just as the permanent dipole o£a polar molecule can induce a dipole 
in a nonpolar molecule, a temporary dipole can do the same thíing. Thịs 
gives rise to the weakest of the particle-to-particle attractions: the 7ceZ 
dipole~iwduced djpole atraciioø, 1|lustrated in Figure 7.7. 


eÍ 


Induced dipole- 
induced dipole attraction 


">: 


TT... 
7? .® 


Figure 7.5 

Temporary dipoles induced in the 
normally nonpolar molecules in plastic 
wrap makes it stick to glass. 


ô+ 


Nonpolar Temporary dipole 
argon in argon 
Figure 7.6 


The electron distribution in an atom is 
normally even. At any given moment, 
however, the electron distribution may 
be somewhat uneven, resulting in a 
temporary dipole. 


Figure 7.7 

Because the normally even distribu- 
tỉion of electrons in atoms can momen- 
tarily become uneven, atoms can be 
attracted to one another by induced 
dipole-induced dipole attractions. 
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lodine 
molecule 


lodine,l;,a solid at 
foom temperature 


Induced dipole- 
induced dipole 


Temporary dipoles are more signiffcant for larger atoms. Thịs is because 
the electrons ¡n larger atoms have more space available for random motion 
and a greater likelihood of bunching together on one side. The electrons in 
smaller atoms are less able to bunch to one side because they are confned 
to a smaller space. The resulting greater electrical repulsion tends to keep 
these electrons evenly spread out. So ¡t is larger atoms—and molecules 
made of larger atoms—that have the strongest induced dipole-induced 
dipole attractlons. 

As shown in Figure 7.8, nonpolar iodine molecules, l¿, are relatively 
large. Because of this, they have a greater attraction for one another than do 
relatively small nonpolar fuorine molecules, F;. This explains why Iodine 
molecules stick together as a solid at room temperature but at the same tem- 
perature Ñuorine molecules drift apart into the gaseous phase. 

Fluorine ¡s one of the smallest atoms, and nonpolar molecules made 
with fuorine atoms exhibit only very weak induced dipole-induced dipole 
attractions. This ¡s the principle behind the lefon nonstick surface. The 
Tefon molecule, part of which ¡s shown ¡n Figure 7.9, is a long chain of 
carbon atoms chemically bonded to ẳHuorine atoms, and the fuorine atoms 
exert essentially no attractions on any material in contact with the IeHon 
surface—scrambled eggs In a Írying pan, for instance. 


Fluorine 
molecules 


Negligible 


intermolecular 
attractions 


° % 


ý. 
Electrons can bunch to one ĐÁ Electrons are confined to 
side without experiencing a small space; therefore 
strong electrical repulsions they repel one another 
among themselves. Ô and remain fairly evenly 
distributed. 
Huorine,F;,a gas at 
(b) room temperature 
Figure 7.8 


(a) Temporary dipoles more readily form in larger atoms, such as those in an iodine molecule, 
because in larger atoms electrons bunched to one side are still relatively far apart from one 
another and not so repelled by the electric force. (b) In smaller atoms, such as those in a fluorine 
molecule, electrons cannot bunch to one side as well because the repulsive electric force gets 
greater as the electrons get closer together. 
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Figure 7.9 

Few things stick to Teflon because of 
the high proportion of fluorine atoms 
it contains. The structure depicted here 
is only a portion of the full length of 
the molecule. 


Concept Check_ v 


What is the distinction between a dipole-induced dipole attraction and 
an induced dipole-induced dipole attraction? 


Was this YOUFT ansWer? The dipole-induced dipole attraction is stronger and involves a perma- 
nent dipole and a temporary one. The induced dipole-induced dipole attraction is weaker and involves 
two temporary dipoles. 


Induced dipole-induced dipole attractions help explain why natural gas 
1s a Øas at room temperature but øasoline ¡s a liquid. The major component 
of natural gas ¡s methane, CH¿, and one of the major components of øasO- 
line is octane, CaHl¡g. We see in Figure 7.10 that the number of induced 
dipole-induced dipole attractions between two methane molecules ¡s 
appreciably less than the number between two octane molecules. You know 
that two small pieces of Velcro are easier to pull apart than two long pieces. 
Like short pieces of Velcro, methane molecules can be pulled apart with lit- 
tle efort. Thats why methane has a low boiling point, — 161C, and is a 
gas at room temperature. ©ctane molecules, like long strips of Velcro, are 
relatively hard to pull apart because of the larger number o£ induced 
dipole-induced dipole attractions. The boiling point of octane, 125”, is 
therefore much higher than that of methane, and octane is a liquid at room 
temperature. (The greater mass of octane also plays a role in making its 
boiling point higher.) 


Induced dipole- 


Figure 7.10 

(a) Two nonpolar methane mol- 

ecules are attracted to each other by 
induced dipole-induced dipole attrac- 
tỉons, but there is only one attraction 
per molecule. (b) Two nonpolar octane 
molecules are similar to methane but 
longer. The number of induced dipole- 


| \ induced dipole attractions 
>>“ 
>—< 
=“ 
—— 

induced dipole attractions between 

these two molecules is therefore 


(a) Methane molecules (b) Octane molecules greater. 
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Hands-On Chemistry: Circular Rainbows 


Black ink contains pigments of many different colors. Acting together, these pig- 
ments absorb all the frequencies of visible light. Because no light is reflected, 
the ink appears black.We can use electrical attractions to separate the compo- 
nents of black ink with a technique called paper chromatography. 


What You Need 


Black felt-tip pen or black water-soluble marker; piece of porous paper, such 
as paper towel, table napkin, or coffee filter; solvent, such as water, acetone 
(ingernail polish remover), rubbing alcohol, or white vinegar. 


Procedure 


(1) Place a concentrated dot of ink at the center of the piece of porous 
paper. 


2) Carefully place one drop of solvent on top of the dot, and watch the 
ink spread radially with the solvent. Because the different components 
of the ink have different affinities for the solvent (based on the electri- 
cal attractions between component molecules and solvent molecules), 
they travel with the solvent at different rates. 


) Just after the drop of solvent is completely absorbed, add a second 
drop at the same place you put the first one, then a third, and so on 
until the ink components have separated to your satisfaction. 


How the components separate depends on several factors, including your 
choice of solvent and your technique. lts also interesting to watch the leading 
edge of the moving ink under a strong magnifying glass or microscope. 


Concept Check v 


Methanol, CH;:OH, which can be used as a fuel, is not much larger than 
methane, CH¿, but is a liquid at room temperature. Suggest why. 


Was this YOUFT answer? The polar oxygen-hydrogen covalent bond in each methanol molecule 
leads to hydrogen bonding between molecules. These relatively strong interparticle attractions hold 
methanol molecules together as a liquid at room temperature. 


72_ ASolution lsa Single-Phase Homogeneous Mixture 


What happens when table sugar, known chemically as sucrose, is stirred 
Into water? Ís the sucrose destroyed? Ñe know it isnt because it sweetens 
the water. Does the sucrose disappear because it somehow ceases to occupyˆ 
space or because it fts within the nooks and crannies of the water? Not so, 
for the addition of sucrose changes the volume. This may not be noticeable 
at ñrst, but continue to add sucrose to a pÏass of water and youll see that 
the water level rises just as it would ifyou were adding sand. 


7.2 A Solution ls a Single-Phase Homogeneous Mixture VÀ CC) 


Âqueous solution 
Of sucrose 


Sucrose 
molecule 


Sucrose stIirred into water loses ¡ts crystalline form. Each sucrose crystal 
consists of billlons upon billions of sucrose molecules packed neatly together. 
hen the crystal ¡is exposed to water, as was first shown In Figure 2.17 and is 
shown again here in Figure 7.l Í, an even greater number of water molecules 
pull on the sucrose molecules via hydrogen bonds formed between sucrose 
molecules and water molecules. With a little stirring, the sucrose molecules 
soon mix throughout the water. Ín place of sucrose crystals and water, we 
have a homogeneous mixture of sucrose molecules in water. Âs discussed in 
Section 2.5, homogeneous means that a sample taken from one part ofa mix- 
ture is the same as a sample taken from any other part of the mixture. Ín our 
sucrose example, this means that the sweetness of the first sip of the solution 
1s the same as the sweetness of the last sIp. 

Recall from Section 2.5 that a homogeneous mixture consisting of a 
single phase ¡s called a sø///øz. Sugar in water is a solution ¡n the liquid 
phase. Solutions arent always liquids, however. They can also be solid or 
Øaseous, as Flgure 7.12 shows. Gem stones are solid solutions. Á ruby, for 


.- mm 
*.. 


(a) 


(c) 


Figure 7.12 


(b) or (c) the gaseous phase. 


Figure 7.11 

Water molecules pull the sucrose 
molecules in a sucrose crystal away 
from one another. This pulling away 
from the crystal does not, however, 
affect the covalent bonds within each 
sucrose molecule, which is why each 
dissolved sucrose molecule remains 
intact as a single molecule. 


Solutions may occur in (a) the solid phase, (b) the liquid phase, 
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Figure 7.13 

A maximum of 200 grams of sucrose 
dissolves in 100 milliliters of water at 
20°C. (a) Mixing 150 grams of sucrose 
in 100 milliliters of water at 20°C pro- 
duces an unsaturated solution. (b) Mix- 
ing 200 grams of sucrose in 100 milli- 
liters of water at 20°C produces a 
saturated solution. (c) lf 250 grams of 
sucrose is mixed with 100 milliliters of 
water at 20°C, 50 grams of sucrose 
remains undissolved. (As we discuss 
later, the concentration of a saturated 
solution varies with temperature.) 


example, is a solid solution of trace quantities of red chromium compounds 
in transparent aluminum oxide. A blue sapphire is a solid solution of trace 
quantities of light green iron compounds and blue titanium compounds in 
aluminum oxide. Another important example of solid solutons is metal 
alloys, which are mixtures of different metallic elements. The alloy known 
as brass is a solid solution of copper and zinc, for instance, and the alloy 
stainless steel is a solid solution of iron, chromium, nickel, and carbon. 

An example of a gaseous solution is the air we breathe. By volume, this 
solution is 78 percent nitrogen gas, 2l percent oxygen gas, and l percent 
other gaseous materials, including water vapor and carbon dioxide. The air 
we éxjz/¿ is a gaseous solution of 75 percent nitrogen, lá percent oxygen, 
5 percent carbon dioxide, and around 6 percent water vapOr. 

In describing solutions, ít is usual to call the component present in the 
largest amount the solvent and the other component(s) the solute(s). For 
example, when a teaspoon of table sugar is mixed with 1 liter of water, we 
identify the sugar as the solute and the water as the solvent. 

The process ofa solute mixing in a solvent is called dissolving. To make 
a solution, a solute must 2ø in a solvent; that ¡s, the solute and solvent 
must form a homogeneous mixture. Whether or not one material dissolves 
in another is a function of electrical attractlons. 


Concept Check v 


What is the solvent in the gaseous solution we call air? 


Was this Yy0UFT answer? Nitrogen is the solvent because it is the component present in the great- 
est quantity. 


There is a limit to how mụuch of a given solute can dissolve in a given 
solvent, as Figure 7.13 illustrates. hen you add table sugar to a glass of 
water, for example, the sugar rapidly dissolves. As you continue to add sugar, 
however, there comes a point when it no longer dissolves. Instead, ¡t collects 
at the bottom of the glass, even after stirring. Ât this point, the water Is sZ/- 
zr⁄z/cđ with sugar, meaning the water cannot accept any more sugar. hen 
this happens, we have what ¡s called a saturated solution, deRned as one in 
which no more solute can dissolve. A solution that has not reached the Ïimit 
of solute that will dissolve 1s called an unsaturated solution. 


Unsofura†ed solufion 


50 g sucrose 
undissolved 


(b) 200 g sucrose in 
100 mL water at 20°C 


(a) 150 g sucrose in 
100 mL water at 20°C 


(c) 250 g sucrose in 
100 mL water at 20°C 
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The quantity of solute dissolved in a solution is described in mathe- 
matical terms by the solutions concentration, which is the amount of 
solute dissolved per amount of solution: 


: : amounr of solute 
concentration of solution = 


amounrt of solution 


For example, a sucrose—water solution may have a concentration 
of Ì gram of sucrose for every liter of solution. This can be com- 
pared with concentrations of other solutions. Á sucrose—water 
solution containing 2 grams of sucrose per liter of solution, for 
example, is more cøc£z/zz/¿4, and one containing only 0.5 gram 
of sucrose per liter of solution is less concentrated, or more 4e. 

Chemists are often more interested in the number of solute par- 
ticles in a solution rather than the number of grams of solute. Submi- 
croscopic particles, however, are so very small that the number of them in 
any observable sample is incredibly large. lo get around having to use 
awkwardly laree numbers, sclentists use a unit called the mole. ©ne mole 
of any type of particle is, by deRnition, 6.02 1023 particles (this super- 
laree number is about 602 billion trillion): 


Whewl Thís espresso is 
redlly concen†ra†ed! 


Ahh. ÁAy regular coffee 
Is more dilu†e. 


1 mole = 6.02 X 102 particles 
602,000,000,000,000,000,000,000 particles 


One mole of pennies, for example, ¡s 6.02 X 1023 pennies, 1 mole of mar- 
bles is 6.02 x 1072 marbles, and I mole of sucrose molecules is 6.02 X 
1022 sucrose molecules. 

Even If yoưve never heard the term Zø/£¡n your life before now, you 
are already familiar with the basic idea. Saying “one mole” 1s Just a short- 
hand way of saying “six point oh two times ten to the twenty-third.” Just 
as Z cø0ø/¿ øƒmeans 2 of something and z đøz£ø øƒmeans 12 of something, 
4 øol¿ øƒmeans 6.02 X 1023 of something. Itš as simple as that: 


® acouple of coconuts = 2 coconuts 
® a dozen of donuts = I2 donuts 


® a mole of mints = 6.02 X 1023 mints 
1 liter——> 


® a mole of molecules = 6.02 X 10”2 molecules 

A stack containing 1 mole of pennies would reach a height of 860 
quadrillion kilometers, which is roughly equal to the diameter of our 
Milky Way Galaxy. A mole of marbles would be enough to cover the 
entire land area of the 50 United States to a depth greater than I.1 
kilometers. Sucrose molecules are so small, however, that there are Sam mà 
6.02 < 102 of them ¡in only 342 grams of sucrose, which is about a EgU|: 
cupful. Thus because 342 grams of sucrose contains 6.02 < 1023 mol- 342 grams of sucrose 
ecules of sucrose, we can uuse Our shơrthand wording and say that 342 ¬ - - XE. 
grams of sucrose contains 1 mole of sucrose. As Figure 7.14 shows, 
therefore, an aqueous solution that has a concentration of 342 grams  Figure 7.14 


, . , Ỉ hat has a concen- 
07) 2$ 1023 An aqueous solution of sucrose t† : 
of sucrose per liter of solutilon also has a concentration of 6.0 tầnemoiuifEiiidtGiMAlftoyAggnuocfoizefiie 


sucrose molecules per liter of solution or, by delnition, a COnC€ntTA-  contains 6.02 x 1023 sucrose molecules (342 
tion o£ 1 molÌe oÊ sucrose per liter of solution. grams) in every liter of solution. 


1 mole per liter 


Sugor Solufion Concentration: 


mm 
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Calculation Corner: Calculating for Solutions 


© 
Sa 


From the formula for †he concen†ro†ion of a soluion, we can derive equofions for 
amoun† of solu†e and amoun† of soluTion: 


` : amount of solute 
concentration of solution==————————————— 
amounr of solution 


amounrt of solute = 


concentration of solution Xamounrt of solution 


: amount of solute 
amount of solution =—————————— 
concentration of solution 


In solving for any of these values, the units 
must always match. lf concentration is given In 
grams per liter, for example, the amount of solute 
must be in grams and the amount of solution 
must be in Ìiters. 

Note that these equations are set up for caÌcu- 
lating amount of s2z//øz rather than amount of 
søuezz. The amount of solution is greater than the 
amount of solvent because In additlon to contain- 
¡ng the solvent, the soluuon also contains the 
solute. As discussed at the beginning of this sec- 
tion, for example, the volume of an aqueous solu- 
tion oÊ sucrose depends not only on the volume of 
water but also on the volume of dissolved sucrose. 


Example 1 

How much sucrose, in grams, is there in 3 liters 
ofan aqueous solution that has a concentration of 
2 grams of sucrose per liter of solution? 


Answer 1 

Thịs question asks for amount of solute, and so 
you should use the second of the three formulas 
gIven abovce: 


Z5 
mounrt of solute = —° x 3, =6 
amounr of solute "Hư Ø 


Example 2 

A solution you are using in an experiment has a 
concentration of 10 grams of solute per liter of 
solution. IÝyou pour enouph of this solution into 
an empty laboratory fask to make the fask con- 
tan 5 grams of the solute, how many liters o£ the 
solution have you poured into the flask? 


Answer 2 
Thịs question asks for amount of solution, and so 
what you want ¡s the third formula: 


— 3... 
10 g/L 


amounr of solution = 


Your Turn 


1. At 20°€, a saturated solution of sodium chỉÌo- 
ride in water has a concentration oÊ about 
380 grams of sodium chloride per liter of 
solution. How much sodium chỉỈoride, in 
grams, ¡s required to make 3 liters of a satu- 
rated solution? 


2.A student is told to use 20 grams of sodium 
chloride to make an aqueous solution that has 
a concentration o£ 10 grams of sodium chỉo- 
ride per liter of solution. How many liters of 
solution does she end up with? 
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The number oÝ grams tells you the zz4s; of solute in a given solution, 
and the number of moles tells you the actual z#ez of molecules. Inter- 
estingly, the term 7zø/z ¡s derived from the Latin word for “pile.” A mole of 
marbles would be one amazingly largc pil, wouldnt it! Finding the num- 
ber of molecules in a given mass or the mass of a given number of mole- 
cules ¡s something we explore ¡n Chapter 9. 

A common unit of concentration used by chemists is molarity, which 


« . L) . = . 
1s the solutlons concentration expressed ¡in moles of solute per liter of 
solution: 


. _ number of moles of solute 
molarltY“ZZ—————————————- 


liters of solution 


A solution that contains 1 mole of solute per liter of solution has a concen- 
traton of l 72/2, which ¡s often abbreviated l Ä⁄⁄. A more concentrated, 
2-molar (2 Ä⁄) solution contains 2 moles of solute per liter of solution. 

The difference between referring to the number of molecules of solute 
and referring to the number of grams of solute can be illustrated by the fol- 
lowing question. A saturated aqueous solution of sucrose contains 200 
grams of sucrose and 100 grams of water. Which ¡s the solvent: sucrose or 
Water? 

As shown in Figure 7.15, there are 3.5 X 102 molecules of sucrose in 
200 grams of sucrose but almost 10 times as many molecules of water in 
100 grams of water—3.3 X 10” molecules. As defined earlier, the solvent 
is the component present ¡n the largest amount, but what do we mean by 
4mowø? JÝamount means number of molecules, then water ¡s the solvenr. 
Ifamount means mass, then sucrose ¡s the solvent. So, the answer depends 
on how you look at ít. From a chemistS point of view, 2727 typically 
means the number of molecules, and so water ¡s the solvent ¡n this case. 


Concept Check v 


1. How much sucrose, in moles, is there in 0.5 liter of a 2-molar solution? 
How many molecules of sucrose is this? 

2. Does 1 liter of a 1-molar solution of sucrose in water contain 1 liter of 
water, less than 1 liter of water,or more than 1 liter of water? 


Were these your answers? 
1. First you need to understand that 2-molar means 2 moles of sucrose per liter of solution. Then you 


should muttiply solưtion concentration by amount of solution to obtain amount of solute: 
(2 moles/L)(0.5 L) = 1 mole 


which is the same as 6.02 x 10?? molecules. 

2. The deñnition of molarity refers to the number of liters of solution, not liters of solvent. When 
sucrose is added to a given volume of watey the volume of the solution íncreases. So, if 1 mole of 
sucrose ¡s added to 1 líter of water, the result is more than 1 liter of solution. Therefore, 1 liter of a 


1-molar solution requires less than 1 liter oÝ water. 


Figure 7.15 

Although 200 grams of sucrose ís twice 
as massive as 100 grams of water, there 
are about 10 times as many water mol- 
ecules in 100 grams of water as there 
are sucrose molecules ín 200 grams of 
sucrose. How can this be? Each water 
molecule í¡s about 20 times less massive 
(and smaller) than each sucrose mole- 
cule, whích means that about 10 times 
as many water molecules can fit within 
half the mass. 
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Figure 7.16 

A sucrose molecule contains many 
hydrogen-oxygen covalent bonds in 
which the hydrogen atoms are slightly 
positive and the oxygen atoms are 
slightly negative. These dipoles in any 
given sucrose molecule result in the 
formation of hydrogen bonds with 
neighboring sucrose molecules. 


Hands-On Chemistry: Overflowing Sweefness 


Just because a solid dissolves in a liquid doesnt mean the solid no longer 
OCCUpies space. 


What You Need 


Tall glass, warm water, container larger than the tall glass, 4 tablespoons table 
sugar 


Procedure 


CÔ) Fill the glass to its brim with the warm water, and then carefully pour 
all the water into the larger container. 


@) Add the sugar to the empty glass. 


(3) Return half of the warm water to the glass and stir to dissolve all the 
- sugar. 


 Return the remaining water, and as you get close to the top, ask a 
friend to predict whether the water level will be less than before, 
about the same as before, or more than before so that the water spills 
over the edge of the glass. 


lf your friend doesnt understand the result, ask him or her what would happen 
if you had added the sugar to the glass when the glass was full of water. 


T5Ẻ Solubility Is a Measure of How Well a Solute Dissolves 


The solubility of a solute is its ability to dissolve In a soÌvent. As you might 
expect, this ability depends in great part on the submicroscopIc attractions 
between solute particles and solvent particles. Ifa solute has any appreciable 
solubility in a solvent, then that solute ¡s said to be soluble ¡n that solvent. 

Solubility also depends on attractions of solute particles for one another 
and attractions of solvent particles for one another. As shown ¡in Figure 7.16, 


CH,OH 
VN =) 
H 
ÓOH H 
HO 
H ÒH 


Sucrose 
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for example, there are many polar hydrogen-oxygen bonds in a sucrose 
molecule. Sucrose molecules, therefore, can form multiple hydrogen bonds 
with one another. These hydrogen bonds are strong enoueh to make 
sucrose a solid at room temperature and give it a relatively híph melting 
point of 185°C. In order for sucrose to dissolve in water, the water mole- 
cules must first pull sucrose molecules away from one another. This puts a 
limit on the amount oÊ sucrose that can dissolve in water—eventually a 
point is reached where there are not enough water molecules to separate the 
sucrose molecules from one another. As was discussed in Section 7.2, this 
1s the point of saturation, and any additional sucrose added to the solution 
does not dissolve. 

When the molecule-to-molecule attractions among solute molecules 
are comparable to the molecule-to-molecule attractions among solvent 
molecules, the result can be no practical point of saturation. As shown in 
Figure 7.17, for example, the hydrogen bonds among water molecules are 
about as strong as those between ethanol molecules. These two liquids 
therefore mix together quite welÏ and in just about any proportion. Ñ/e can 
even add ethanol to water until the ethanol rather than the water may be 
considered the solvent. 


Ethanol Ethanol and water Water 


A solute that has no practical point of saturatlon in a given solvent ¡s 
said to be Z/7/e#y solubie1n that solvent. Ethanol, for example, ¡s Ininitely 
soluble in water. Also, all gases are generally iniinitely soluble in other gases 
because they can be mixed together in just about any proportion. 

Lets now look at the other extreme of solubility, where a solute has 
very little solubility in a given solvent. Ân example is oxygen, Q2, In water. 
In contrast to sucrose, which has a solubility o£ 200 grams per 100 miÏli- 
liters of water, only 0.004 gram ofoxygen can dissolve in 100 milliliters of 
water. We can account for oxygens low solubility in water by noting that 
the only electrical attractions that occur between oxygen molecules and 
water molecules are relatively weak dipole-induced dipole attractlons. 
More important, however, 1s the fáct that the stronger attraction of water 
molecules for one another—through the hydrogen bonds the water mole- 
cules form with one another——effectively excludes oxygen molecules from 


Intermingling. 


Figure 7.17 

Ethanol and water molecules are about 
the same size, and they both form 
hydrogen bonds. As a result, ethanol 
and water readily mix with each other. 
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Figure 7.18 
Glass is frosted by dissolving its ls this cup melting or dissolving? 
outer surface in hydrofluoric acid. 


Figure 7.19 


A material that does not dissolve in a solvent to any appreciable extent 
¡s said to be insoluble in that solvent. There are many substances we con- 
sider to be insoluble in water, including sand and glass. Just because a 
material is not soluble in one solvent, however, does not mean it wortt dis- 
solve in another. Sand and glass, for example, are soluble in hydrofuoric 
acid, HE, which ¡s used to give glass the decorative frosted look shown in 
Figure 7.18. Also, although Styrofoam is insoluble in water, ¡t is soluble in 
acetone, a solvent used in ñngernail polish remover. Pour a little acetone 
into a Styrofoam cup, and the acetone soon dissolves the Styrofoam, as you 
can see in Figure 7.19. 


Concept Check v 


Why isnt sucrose infinitely soluble in water? 


Was this VOUF AfISW€F? The attraction between two sucrose molecules is much stronger than 
the attraction between a sucrose molecule and a water molecule, Because of this, sucrose dissolves in 
water only so long as the number of water molecules far exceeds the number of sucrose molecules. 
When there are too few water molecules to dissolve any additional sucrose, the solution is saturated, 


Solubility Changes with Temperafture 


You probably know from expertence that water-soluble solids usually dis- 
solve better in hot water than ¡in cold water. A highly concentrated solution 
Of sucrose In water, for example, can be made by heating the solution almost 
to the boiling point. Thịis is how syrups and hard candy are made. 

Solubility increases with Increasing temperature because hot water mol- 
ecules have greater kinetic energy and therefore are able to collide with the 
solid solute more vigorously. The vigorous collisions facilitate the disrup- 
tion of electrtcal particle-to-particle attractions ¡n the solid. 
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180 NaNO: Figure 7.20 
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Althouph the solubilities of some solid solutes—sucrose, to name just 
one example—are greatly affected by temperature changes, the solubilities 
of other solid solutes, such as sodium chloride, are only mildly affected, as 
Figure 7.20 shows. Thịs difference has to do with a number oỀ factors, 
Iincluding the strength of the chemical bonds in the solute molecules and 
the way those molecules are packed together. 

WWhen a solution saturated at a híph temperature ¡s allowed to cool, 
some of the solute usually comes out of solution and forms what ¡s called a 
precipitate. W hen this happens, the solute ïs said to have øz£c/2//2/eđ from 
the solution. For example, at 100°C the solubility of sodium nitrate, 
NaNOa, in water ¡s 165 grams per 100 milliliters of water. As we cool this 
solution, the solubility of NaNOs decreases as shown in Eigure 7.20, and 
this change in solubility causes some of the dissolved NaNOs to precipitate 
(come out of solution). At 20°C, the solubility o£ NaNOz ¡s only 87 grams 
per 100 milliliters of water. So If we cool the 100°C solution to 20C, 
78 grams (165 grams — 87 grams) precipitates, as shown in Figure 7.21. 


100°C 210% 


78 g of NaNO:› 
precipitates out 
of solution 


Saturo†ed solu†ion Saturo†ed solu†ion 


165 g NaNO:ïn 100 mL water 87 g NaNO; in 100 mL water 


Gases Are More Soluble at Low Temperatures and High Pressures 


In contrast to the solubilities of most solids, the solubilities of gases in liq- 
uids Z¿ez¿ase with increasing temperature, as Table 7.2 on page 222 shows. 
This is true because with an ¡ncrease in temperature, the solvent molecules 
have more kinetic energy. This makes it more difficult for a gaseous solute 
to stay in solution because the solute molecules are literally being kicked 
out by the high-energy solvent molecules. 

Perhaps you have noticed that warm carbonated beverages go Ẩat faster 
than cold ones. The higher temperature causes the molecules of carbon 
dioxide gas to leave the liquid solvent at a higher rate. 


Figure 7.21 


The solubility of sodium nitrate is 
165 grams per 100 milliliters of 
water at 100°C but only 87 grams 
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The solubility of many water-soluble solids increases with temperature, while 
the solubility of others is only very slightly affected by temperature. 


per 100 milliliters at 20°C. Cooling a 
100°C saturated solution of NaNOs 
to 20°C causes 78 grams of the solute 


to precipitate. 
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Table 7.2 


Temperature-Dependent 


Solubility of Oxygen Gas 
in Water at a Pressure of 
1 Atmosphere 


Temperature (°C) O; Solubility 
(g O;/L HạO) 

0 0.0141 

10 0.0109 

20 0.0092 

25 0.0083 

30 0.0077 

35 0.0070 

40 0.0065 


The solubility of a gas in a liquid also depends on the pressure of the 
gas immediately above the liquid. In general, a higher gas pressure above 
the liquid means more of the gas dissolves. A gas at a high pressure has 
many, many gas particles crammed into a given volume. The “empty” space 
in an unopened soft drink bottle, for example, is crammed with carbon 
dioxide molecules in the gaseous phase. With nowhere else to go, many of 
these molecules dissolve ¡n the liquid, as shown in Eigure 7.22. Alterna- 
tively, we might say that the great pressure forces the carbon dioxide mole- 
cules into solution. When the bortle is opened, the “head” of highly pres- 
surized carbon dioxide gas escapes. Now the gas pressure above the liquid 
is lower than it was. As a result, the solubility of the carbon dioxide drops 
and the carbon dioxide molecules once squeezed into the solution begin to 
escape into the air above the liquid. 

The rate at which carbon dioxide molecules leave an opened soft drink 
is relatively slow. You can increase the rate by pouring in granulated sugat, 
salt, or sand. The microscopic nooks and crannies on the surface of the 
grains serve as 7c/ez/7ø? s7£es where carbon dioxide bubbles are able to form 
rapidly and then escape by buoyant forces. Shaking the beverage also 
increases the surface area of the liquid-to-gas interface, making it easier for 
the carbon dioxide to escape from the solution. Once the solution 1s 
shaken, the rate at which carbon dioxide escapes becomes so great that the 
beverage froths over. You also increase the rate at which carbon dioxide 
escapes when you pour the beverage into your mouth, which abounds in 
nucleation sites. You can feel the resulting tinpÌy sensation. 


VÀ, ~ V 


Water, H;O 


&) - (b) 


Figure 7.22 

(a) The carbon dioxide gas above the liquid in an unopened soft drink bottle consists of many 
tightly packed carbon dioxide molecules that are forced by pressure into solution. (b) When the 
bottle is opened, the pressure is released and carbon dioxide molecules originally dissolved in 
the liquid can escape into the air. 
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Concept Check Tả 


You open two cans of soft drink: one from a warm kitchen shelf, the other 
from the coldest depths of your refrigerator.Which provides more bubbles 
in the first gulp you take and why? 


Was this Y0uf ansWer? The solubility of carbon dioxide in water decreases with increasing tem- 
perature. The warm drink will therefore fizz in your mouth more than does the cold one. 


Hands-On Chemistry: Crystal Crazy 


lf a hot saturated solution is allowed to cool slowly and without disturbance, 
the solute may stay in solution. The result is a supersaturated solution. Super- 
saturated aqueous solutions of sucrose (table sugar) are fairly easy to make. 


What You Need 


Smaill cooking pot, water, table sugar, pencil that is longer than the diameter of 
the pot, string, weight (a nut or bolt works well), safety glasses to protect eyes 
from any hot liquid that may splatter 


Procedure 


@ Fill the pot no more than 1 inch deep with water and heat the water 
to boiling. 


@) Lower the heat to medium-low. Slowly pour in sugar while carefully 
stirring to avoid splattering. Because sugar is very soluble in hot water, 
be prepared to add a volume of sugar equal to or greater than the 
volume of water you began with. Continue to add sugar until no more 
will dissolve even with persistent stirring. 


) Allow the solution to come back to a boil while stirring carefully. This 
should help dissolve any excess sugar added in step 2. Do not set the 
burner on high because doing so may make the sugar solution froth 
up and spill out of the pot. lf the sugar still doesnft fully dissolve after 
the solution is brought to a slow boil,add more water 1 teaspoon at a 
time. lf the sugar dissolves after being brought to a slow boil, add 
more sugar 1 tablespoon at a time. ldeally, you want a boiling-hot 
sugar solution that is just below saturation, which may be difficult to 
assess without prior experience. 


: @ Remove the clear (no undissolved sugar) boiling sugar solution from 
the heat. Tie some string to the weight and lower the weight into the 
hot solution. Support the string with the pencil set across the rim of the 
pot so that the weight does not toụch the bottom. 


®) Leave the mixture undisturbed for about a week, but check it periodi- 
cally. You will see large sugar crystals, also known as rock candy, form 
on the string and also along the sides of the pot. The longer you wait, 
the larger the crystals. 
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Nonpolar Gases Readily Dissolve in Perfluorocarbons 


As was discussed earlier, good solubility can result when the particle-to- 
particle attractions in a solute are comparable to those in a solvent. This 
was the case with ethanol and water, and ¡t is also the case with oxygen and 
certain øezfforearbows, such as perfluorodecalin, which are molecules con- 
sisting of only carbon and Ẩuorine atoms. Oxygen and peruorodecalin 
molecules are both nonpolar. Because of the large size ofits molecules, per- 
fuorodecalin is a liquid at room temperature. Because they are nonpolar, 
both perfuorodecalin molecules and oxygen molecules experience 
induced dipole-induced dipole attractions. Ất room temperature, cons€- 
quently, a significant amount of oxygen gas is able to dissolve in liquid per- 
Ruorodecalin, as is demonstrated In Figure 7.23. 


Oxygen 
Induced dipole-induced dipole 
E EEF E attraction 
F Xm.ẽ.. S. 
SIẾU Đà. 
` ì ch 
“20: G0) Kia Quá `. 
F77 .:. ` 
F F F F 


Perfluorodecalin 


Figure 7.23 
This mouse is alive and well, inhaling liquid perfluorodecalin saturated with oxygen gas. 


7.4. Soap Works by Being Both Polar and Nonpolar 


Interestingly, a saturated solution of oxygen in a liquid perfuorocarbon 
contains about 20 percent more oxygen than does the atmosphere we 
brcathe. When this perfuorocarbon solution is inhaled by a human or 
other animal, the lungs are able to absorb the oxygen in much the same way 
they absorb it from air. Because liquid perfuorocarbons are as inert as 
Tefon, which is a solid perfuorocarbon, negative side effects of having 
these liquids in the lungs are minimal. 

Much research ¡s currently being conducted on perfuorocarbons and 
their potential applications. For example, it is nearly impossible for babies 
born before seven months of gestation to breathe air. This is because their 
lungs have yet to develop an inner lining that prevents the moist walls from 
collapsing and sticking together like wet sheets of plastic food wrap. 
Researchers have found that premature infants can breathe oxygenated per- 
fuorocarbons quite effectively. Adults may also beneft from ¡inhaling per- 
Huorocarbons because when the liquid ¡s drained from the lungs, ít carries 
with it foreign matter that has accumulated over time. Have you had your 
lungs cleaned lately? 

Another exciting application o£ perluorocarbons is their use as a blood 
substitute. Among the many advantages of 27///c/2l bloøđl are that it can be 
stored for long periods of time without deteriorating and that ¡t eliminates 
the transmission of such diseases as hepatitis and AIDS throuph blood trans- 
fusions. (Please note, however, that because of precautionary measures 
taken by blood banks, our current blood supply 1s safe from these diseases. 
For example, over the course of a year, the chance of dying from a blood 
transfusion ¡s only about 1 in 100,000, whereas the chance of dying in a car 
accident ¡s about I in 7000.) 

The need for a reliable blood substitute arises from frequent blood bank 
shortages. Currently less than 5 percent of the populatlon donates blood, 
and this percentage ¡is dropping as demand ¡ncreases worldwide by about 
7.5 million liters each year. The shortfall could become critical sometime In 
the next 30 years. Because there ¡s sull much research needed on perfuo- 
rocarbons, donating blood ¡s stlÏ a øzy worthwhile thing to do. 


ar and Nonpolar 


714 Soap Works by Being Both Pol 


Dirt and grease together make 677. Because grime contains many non- 
polar components, ¡t ¡s difficult to remove from hands or clothing using just 
water. To remove most grime, we can use a nonpolar solvent such as tur- 
pentine or trichloroethane, which dissolves the grime because of strong 
induced- dipole-induced dipole attractions. Turpentine, also known as a 
paint thinner, is good for removing the grime left on hands after such activ- 
ities as changing a cars motor oil. Trichloroethane is the solvent used to “dry 
clean” clothes—a process whereby dirty clothes are churned in a container 
full of this nonpolar solvent, which removes the touphest of nonpolar stains 
without the use Of water. _ 

Rather than washing our dirty hands and clothes with nonpolar sol- 
vents, however, we have a more pleasant alternative——soap and water. Soap 
works because soap molecules have both nonpolar and polar properties. 
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A typical soap molecule has two parts: a long Z02ølzr zz// oŸ carbon and 
hydrogen atoms and a øø/zz ¿2đ containing at least one ionic bond: 


lu sa 
pannan.. 2. 
TP „¡160600 166)-]8011: 74) ĐI 


Nonpolar tail Polar head 


Because most of a soap molecule is nonpolar, it attracts nonpolar grime 
molecules via induced dipole-induced dipole attractions, as Figure 7.24 
1llustrates. In fact, grime quickly ñnds ¡tself surrounded ¡in three dimensions 
by the nonpolar tails of soap molecules. This attraction ¡s usually enough 
to lift the grime away from the surface being cleaned. With the nonpolar 
tails facing inward toward the grime, the polar heads are all directed out- 
ward, where they are attracted to water molecules by relatively strong 
ion-dipole attractions. Ifthe water is owing, the whole conglomeration of 
grime and soap molecules Ñows with it, away from your hands or clothes 
and down the drain. 


Figure 7.24 

Nonpolar grime attracts and is surrounded by the nonpolar tails of soap molecules. The polar 
heads of the soap molecules are attracted by ion-dipole attractions to water molecules, which 
carry the soap-grime combination away. 


For the past several centuries, soaps have been prepared by treating ani- 
mai fats with sodium hydroxide, NaOH, also known as caustic lye. In this 
reaction, which ¡s still used today, each fat molecule is broken down into 
three ƒýz#y 2c soap molecules and one glycerol molecule: 


7.4. Soap Works by Being Both Polar and Nonpolar 


NaOH .h 


Fat molecule Three fatty acid soap molecules Glycerol molecule 


Detergents Are Synthetic Soaps 


In the 1940s, chemists began developing a class of synthetic soaps, known 
as đ£fergczs, that offer several advantages over soaps, such as stronger grease 
penetration and lower price. 

The chemical structure o£ detergent molecules ¡s similar to that of soap 
molecules in that both possess a polar head attached to a nonpolar tail. The 
polar head in a detergent molecule, however, typicalÌy consists of either a 
sulfate proup, =OSOs —, or a sulfonate group, =SOaˆ, and the nonpolar tail 
can have an assortment of structures. 

One of the most common sulfate detergents 1s sodium lauryl sulfate, a 
main ¡ngredient of many toothpastes. A common sulfonate detergent ¡s 
sodium dodecyl benzenesulfonate, also known as a linear alkylsulfonate, or 
LAS. Yoưll often fnd this compound ¡in dishwashing liquids. Both these 
detergents are biodegradable, whích means microorganisms can break 
down the molecules once they are released into the environment. 


évvvvv : 


CH;CH;CH;CH;CH;CH;CH;CH;CH;CH;CH;CHạ—O— S —(}_~ NaT 


Sodium lauryl sulfate 


e Ji, 
Ji ĩ 
..., Ọ 
7 ` 
H H 


Sodium dodecyl benzenesulfonate 


227 


228 Chapter 7 Molecular Mixing 


Figure 7.25 

Hard water causes calcium and magne- 
sium compoundđs to build up on the 
inner surfaces of water pipes, especlally 
those used to carry hot water. 


Concept Check V 


What type of attractions hold soap or detergent molecules to grime? 


Was this Y0oUT ânSW€F? tf you haven+ yet formulated an answer, why not back Œ 4# “esead 
the question? Youve gọt only four choices: ion-dipole, dipole-dipole, dipole-induced đipole, and 
induced dipole-induced dipole. The answer is induced dipole-induced dìpole attracttons, because the 
interaction ¡s between two nonpolar entities—the grìme and the nonpolar ta Of a Soạap or detergent 


molecule. 


Hard Water Makes Soap Less Effective 


Nater containing lirge amounts ðF calctum and magnestum lòng 1s sat to 
be øzz⁄ :ozzer, and it has many undesirable qualites. For example, when 
hard water ¡s heated, the calcium and magnesium ions tend to bìnd with 
negatively charged long also found in che Warer to torm solld compeunds, 
like those shown in Figure 7.25, that can clog water heaters and boilers. 
Youll also ñnd these calcium and magnesium compounds coated on the 
inside surface of a well-used rea kettle. 

Hard water also inhibits the cleansing actions of soaps and, to a Ìesser 
extent, detergenrs. The sodium ions of soap and detergent molecules carrv 
a 1+ charge, and calcium and magnesium lons carry a 2+ charge (note 
their positlons ín the periodic rable), The negatively charged pordon ot the 
polar head of a soạp or detergent molecule 1s more artracred to the doubile 
positive charge ð£ caleium and magnestum tọng than rõ che single POSIUIVE 
charge of sodium tong, Noạp or derereenr moleeules theretore give úp their 
sodium ïons to selectively bind with calctum or magnesium lons: 


Soap or detergent molecules bound to caÌctum or magnesium ions tend 
to be insoluble in water. As they come out of solutton, they form a scum 
that can appear as a ring around the bathtub. Because the soap or detergent 
molecules are tied up with calclum and magnesium lons, more of the 
cleanser must be added to maintain cleaning effectiveness. 

Many detergents today contain sodium carbonare, Na›CO:, commonÌy 


known as W ashing soda., Phe calrtum and mwa#xnestum tong tr hardÌ Wafer are 


s...1. 


more attracted to the carbonate lon with its two negative charges than to a 
soap or a deteregent molecule with ¡ts sinele negative charge. WWïch the caÌ- 


ciim and magnestum 1ons bound to the carbonate ion, as shown in Eieure 


.26, the soap or detergent 1s free to do 1s Job. Because it removes the tons 
that make water hard, sodium carbonate ¡s known as a 022f££r-to£0tơ dưent 


‹ đá sá« 


- ^ ` 
Ín some homes, the water 1s so hard thất tr must be pased throueh 3 
water-softening unit. In a typical unit, iÏustrated in Figure 7.27, hard water 


Is passed through a laree tank filled with tỉny beads of a water-insoluble 


F ] c 12? AT mở ñÌ T2 9® " AI £ 1 = ¬ : P 
resin known as an /0?-excbanee resmn. Ì he surface of the resin contains many 
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Calcium carbonate Magnesium carbonate 


Sodium carbonate, 
Na;CO; 


Carbonate ion, 
1O Sâm 
=m=. 
(a) (b) 


Figure 7.26 


(a) Sodium carbonate is added to many detergents as a water-softening agent. (b) The doubly 
positive calcium and magnesium ions of hard water preferentially bind with the doubly nega- 
tive carbonate ion, freeing the detergent molecules to do their job. 


negatively charged ions bound to positively charged sodium ions. As the 
hard water with its calcium and magnesium ions passes over the resin, the 
lons displace the sodium lons and thereby become bound to the resin. 
The calcium and magnesium Ions are able to do this because their positive 
charge (2T) 1s greater than that of the sodium ions (I +). The calcium and 
magnesium Ions therefore have a greater attraction for the negative sites on 
the resin. The net result is that for every one calcium or magnesium Ion that 
binds, two sodium lons are set loose. In this way, the resin ¿xc22@6s lons. 
The water that exits the unit is free of calclum and magnesium ions but 
does contain sodium Ions in their place. 


Hard water 


Resin beads 


Figure 7.27 
(Ð Negatively charged sites on the unused ion-exchange resin are 
occupied by sodium ions. 2) As hard water passes over the resin, 
sodium ions are displaced by calcium and magnesium ions. 3) After 
the resin becomes saturated with calcium and magnesium lons, it is 
Softened water no longer effective at softening water. 
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Eventually, all the sites for calcium and magnesium on the resin are 
Blled, and then the resin needs to be either discarded or recharged. Ít is 
recharged by flushing it with a concentrated solution oÊ sodium chloride, 
NaCl. The abundant sodium ions displace the calcium and magnesium ions 
(lons are zxe2zzøz once again), freeing up the binding sites on the resin. 


In Perspecfive 


Ñe are now at a point in this textbook where you should have a ñrm under- 
standing of how subatomic particles make atoms, how atoms make mole- 
cules, and how molecules interact with one another throupgh relatively weak 
attractive electric forces. With this background, you are in a good position 
to understand and appreciate the real-world applications of chemistry, such 
as those that were discussed ¡n the final section of this chapter. Ấn ImpOor- 
tant goal oŸ Cøøzeep/4l Cez/sy is to gìve you an understanding of the 
submicroscopic basis of your macroscopic world. Toward this goal, the next 
chapter focuses on the macroscopic behavior of water and on how that 
behavior is determined by the properties of individual water molecules. 


Key Ierms and Matching Definitions 


COncertration 
dissolving 
hydrogen bond 

† Ipole-.. 
insoluble 
molarity 

mole 

PTr€CIPItate 
saturated solution 
solubility 

soluble 

solute 

solvent 
unsaturated soÌution 


IIIIIIIIRI 


ẦN A strong dipole-dipole attraction between a 
sliphtÌy posttive hydrogen atom on one mole- 
cule and a pair of nonbonding electrons on 
another molecule. 

3A dipole temporarily created ¡n an otherwise non- 
polar molecule, induced by a neiphboring charge. 

3. The component in a solutlon present in the 
lareest amouIt. 

'#.. Any component in a solution that is not the 

Ñ “olvểnt. 
_`%. The process of mixing a solute in a solvent. 

%, A solution containing the maximum amount of 
solute that will dissolve. 

7. A solution that will dissolve additional solute ¡f 
_ Iris added. 

8. A quantitative measure of the amount of solute 
in a solution. 

9, 6.02 X 102 ofanything. 

10, A unit of concentration cqual to the number of 
moles of a solute per liter of solution. 

T1. The ability of a solute to dissolve in a given 
solvent. 

12, Capable of dissolving to an appreciable extent 

— inagiven solvent. 

13. Not capable of dissolving to any appreciable 
extent in a given solvent. 

14. A solute that has come out of solution. 


Review Quesftlons 
Submicroscopic Particles Electrically Attract One Another 


1. What is the primary difference between a 
chemical bond and an attraction between two 
molecules? 
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2. Which is stronger, the Ion-dipole attraction 
or the induced dipole-induced dipole 


attraction? 


3. Why are water molecules attracted to sodium 


chloride? 


4. How are ion-dipole attractions able to break 
apart Ionic bonds, which are relatively strong? 


5. Are electrons distributed evenly or unevenly in a 
polar molecule? 


6. What is a hydrogen bond? 


7. How are oxygen molecules attracted to water 
molecules? 


8. Are induced dipoles permanent? 


9. How can nonpolar atoms induce dipoles In 
other nonpolar atoms? 


10. Why ¡s ít dificult to induce a dipole in a Ñuo- 


rine atom? 


11. Why ¡s the boiling point of octane, CaHg, so 
much higher than the boiling point of methane, 
CH¿? 


A Solution Is a Single-Phase Homogeneous Mixture 


12. What happens to the volume of a sugar solution 
as more sugar is dissolved ín it? 


13. Why is a ruby gemstone considered to be a 
solutlon2 


lá. Distinguish between a solute and a solvent. 


15. What does it mean to say a solution 1s 
concentrated? 


16. Distinguish between a saturated solution and 
an unsaturated solution. 


17. How 1s the amount of solute ín a solution 
calculated? 


18. Is I mole of particles a very large number or a 
very small number of particles? 


Solubility ls a Measure of How Well a Solute Dissolves 


19. Why does oxygen have such a low solubility 


¡in water? 


20. By what means are ethanol and water molecules 
attracted to each other? 
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21. What effect does temperature have on the solu- 
bility ofa solid solute in a liquid solvent? 


22. What effect does temperature have on the solu- 
bility of a gas solute ¡n a liquid solvent? 


23. How are supersaturated solutions made? 


24. What does it mean to say that two materials are 
inñnitely soluble in cach other? 


25. What kind of electrical attraction is responsible 
for oxygen§s ability to dissolve In water? 


26. What is the relationship between a precIpitate 
and a solute? 


27. Why does the solubility oFa gas solute in a liquid 


solvent decrease with increasing temperature? 


28. What do oxygen molecules and perfluorodecane 
molecules have in common? 


Soap Works by Being Both Polar and Nonpolar 
29. Which portion ofa soap molecule is nonpolar? 


30. ÑWater and soap are attracted to each other by 
what type of electrical attraction? 


31. Soap and grime are attracted to cach other by 
what type of electrical attraction? 


32. What is the difference between a soap and a 
detergent? 


33. What component of hard water makes it hard? 


34. Why are soap molecules so attracted to caÌlcium 
and magnesium Ions? 


35. Calcium and magnesium Ions are more attracted 
to sodium carbonate than to soap. Why? 


Hands-On Chemistry Insights 
Circular Rainbows 


Paper chromatography was originally developed to 
separate plant pigments from one another. The sepa- 
rated pigments had different colors, which 1s how this 
technique got its name——e/zøz2 1s Latin for “color.” 
Mixtures need not be colored, however, to be separa- 
ble by chromatography. All thats required is that the 
components have distinguishable affinities for the 
moving solvent and the stationary medium, such as 
paper, through which the solvent passes. 


There are many other forms of chromatography 
besides paper chromatography. Ín ¿0/2 c0r0r4/0g74- 
Øjy, the mixture to be separated ¡s loaded at the top of 
a column of sandlike material. Á solvent passing 
through the column pulls the components of the mix- 
ture throuph the material at different rates. As the puri- 
fed components drip out the bottom of the column at 
different times, they can be collected in separate fasks. 

In ø4s cbrøzzzfograply, a Ìiquid mixture 1s inJected 
into a long, narrow tube that has been heated to the 
point that the liquid mixture becomes a gaseous mix- 
ture. Each component of the gaseous mixture travels 
through the tube at its own rate, which is determined 
by the affinity that the component has for a station- 
ary medium coating the inner surface of the tube. 
Gas chromatography can be used to isolate extremely 
small quantities, which makes it a valuable analytical 
tool for many purposes, such as drug testing. 


Overflowing Sweetness 


It cant be emphasized enouph that a solute continues 
to occupy space whether or not it 1s dissolved in a liq- 
uid. The volume of water that spills over the edge of 
the glass in this activity ¡is the volume of water dis- 
placed by the dissolved solid. As sugar dissolves in 
water, the sugar molecules are merely pulled out of the 
crystal lattice to become Individual entities. WWhether 
It is part of a lattilce or Íree-foating, however, cach 
sugar molecule occupies the same volume. 


Crystal Crazy 


Interesting crystals can also be made from supersatu- 
rated solutions of Epsom salts (MgSƠx + 7 H;O) and 
alum (KAI(SO¿); - 12 HO), which ¡s used for pick- 
ling and ¡s available in the spice section of some øro- 
cery stores. Crystal shape directly relates to how the 
Ions or molecules of a substance pack together. In 
fact, substances are often characterized by the shape 
of the crystals they form. 7s#z2//oerzpby is the study 
of mineral crystals and their shapes and structure. 

If you try any experiments with Epsom salts or 
alum, note how different solutes give rise to different 
crystal shapes. 


ExerCISeS 


1. Why are lon-dipole attractions stronger than 
dipole-dipole attractions? 


2. Chlorine, CỈ;, is a gas at room temperature, but 
bromine, Brạ, is a liquid. Why: 


5. 


Substance 
CHr—O 
CH;CH;CH;CH;—O 
CH;CH;CH;CH;CH;—O 


6. 


Plastic wrap is made of nonpolar molecules and 
Is able to stick well to polar surfaces, such as 
ølass, by way of dipole-induced dipole attrac- 
tions. W/hy does plastic wrap also stick to itself 
so welÌ? 


- Dipole-induced dipole attractions exist between 


molecules of water and molecules of gasoline, 
and yet these two substances do not mix because 
water has such a strong attraction for itself. 
Which compound mipht best help these two 
substances mix into a single liquid phase: 


l§.:Ế”) 

új IIOSP- Go —- =ini 
lhệi, 
HH HH H 


.- Explain why, for these three substances, the sol- 


ubility in 20°C water goes down as the mole- 
cules get larger but the boiling point goes up: 


Boiling point/ 
Solubility 
H bon 
inñnite 
H llÃt72\0) 
8 g/100 mL 


lãi AC 
2.3 g/100 mL 


ZZ 


ZZ 


The boiling point o£ 1,4-butanediol ¡s 230°C. 
Would you expect this compound to be soluble 
or insoluble ¡n room-temperature water? Explain. 
- 

ˆ.— Giải LOIgL)0) = 6)  aapho, 
H 


1,4-Butanediol 


- Based on atomic size, which would you expect 


to be more soluble in water: helium, He, or 
nitrogen, N¿? 


8. 


TỢ, 


lá. 


lào” 
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Ho 
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[f nitrogen, N¿, were pumped into your lungs at 
hiph pressure, what would happen to its solubil- 
Ity in your blood? 


- The air a scuba diver breathes 1s pressurized to 


counteract the pressure exerted by the water sur- 
rounding the divers body. Breathing the hiph- 
PF€SSUT€ air causes eXcessive amounts of nitrogen 
to dissolve in body fuids, especially the blood. 
[fa diver ascends to the surface too rapidly, the 
nitrogen bubbles out of the body fluids (much 
like the way carbon dioxide bubbles out of a 
soda immediately after the container ¡s opened). 
Thịs results in a painful and potenrially lethal 
medical condition known as the Zz. Why 
does breathing a mixture of helium and oxygen 
rather than air help divers avoid getting the 


bends? 


. Why are noble gases infñnitely soluble in other 


noble gases? 


.- Describe two ways to tell whether a sugar solu- 


tion ¡s saturated or not. 


. Which solute in Figure 7.20 has a solubility in 


water that changes the least with increasing 
temperaturc? 


At 10°C, which ¡s more concentrated: a satu- 
rated solution of sodium nitrate, NaNOa, or a 
saturated solution of sodium chloride, NaC]? 
(See Figure 7.20.) 


A saturated aqueous solution of compound X 
has a higher concentration than a saturated 
aqueous solution o£ compound Ÿ at the same 
temperature. Does it follow that compound X 
is more soluble in water than compound Ÿ 1s? 


The volume of many liquid solvents expands 
with increasing temperature. hat happens to 
the concentration of a solution made with such 
a solvent as the temperature of the solution 1s 
increased? 


Suggest why sodium chloride, NaC], ¡is insoluble 
¡n gasoline. Consider the electrical attractlons. 


Recall from Chapter 3 that the isotopes of an 
atom differ only in the number of neutrons In 
the nucleus. TWwo isotopes of hydrogen are the 
more common /7ø// isotope, which has no 
neutrons, and the less common 2/777: 1sO- 
tope, which has one neutron. Either isotope can 
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be used to make water molecules. Water made 
with deuterium is known as 2Zy 4f£r because 
cach molecule is about 1 percent more massive 
than water made with protium. Mipght you also 
expect the boiling point of heavy water to be 
about l1 percent greater than the boiling point 
of regular water? Draw a picture of these two 
molecules if you need help visualizing the differ- 
ence between them. 


WWhich would you expect to have a higher melr- 
¡ng point: sodium chỈoride, NaC], or aluminum 


oxide, Al;Oz? Why:? 


Hydrogen chỈoride, HC], is a gas at room tem- 
perature. ÑWould you expect this materlal to be 
very soluble or not very soluble In water? 


Ñould you expect to fnd more dissolved oxy- 
gen in ocean water around the North Pole or in 
ocean water close to the equator? hy? 


Of the two structures shown below, one is a 
typical gasoline molecule and the other Is a typi- 
cal motor oil molecule. Which ¡s which? Base 
YOuF r€asoning not on memorlzation but rather 
on what you know about electrical attractlons 
between molecules and the varlous physical 
properties of gasoline and moror oil. 


HH HHHHHHHDHNDNHHHHHH 
H-C-C-C=C-C-C=C-C-C-C-C-C-C-C-C-C-H 


nh L0 LG lHETIIHHHH 


Structure A 
H H H H H H H H 


H~C-C-C-C-C-C-C-C-H 
HHHHHHHH 


Structure B 


Nhat ¡s the boiling point o£a single water mol- 
ecule? Why does this question not make sense? 


Accounrt for the observation that ethanol, 
CH,OH, dissolves readily in water but 
dimcthyl ether, CH:OCH;, which has the 
same number and kinds of atoms, does not. 


lại ơi 
II, H H H 
H—C—C—O b lê  .4 
Œ:) n. =. 
lấU “lại 
Ethanol Dimethyl ether 
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WWhy are the melting points oŸ most Ionic com- 
pounds far higher than the melting points of 
most covalent compounds? 


An inventor claims to have developed a perfume 
that lasts a long time because it doesnt evapo- 
rate. Comment on this claim. 


How necessary ¡s soap for removing salt from 


your hands? Why: 


WWhen you set a pot of tap water on the stove to 
boil, you often see bubbles start to form well 
before boiling temperature ¡s reached. Explain 
this observation. 


Fish dont live very long in water that has been 
boiled and brought back to room temperature. 


Why? 


\WWhy mipht softened water not be good for per- 
sons trying to reduce their dietary sodium-ion 
Iintake? 


Problems 


lệ 


How much sucrose, in grams, is there In 5 liters 
of an aqueous solution of sucrose that has a 
concentration of 0.5 gram of sucrose per liter 
of solution? 


How much sodium chÏloride, in grams, is 
needed to make 15 L of a solution that has a 
concentration of 3.0 grams of sodium chloride 
per liter of solution? 


If water ¡s added to 1 mole of sodium chỉloride 
¡in a Ñask until the volume of the soÌution ¡s 

1 liter, what is the molarity of the solution? 
Nhat ¡s the molarity when water is added to 

2 moles of sodium chloride to make 0.5 liter 
of solution? 


A studenr ¡s told to use 20.0 grams of sodium 
chloride to make an aqueous solution that has a 
concentration of 10.0 grams of sodium chloride 
per liter of solution. Assuming that 20.0 grams 
of sodium chloride has a volume of 7.5 milli- 
liters, about how much water will she use in 
making this solution? 


Ânswers to Calculation Corner 


Calculating for Solutions 


lã 


Muluply the solution concentration by the 
amount of solution you must end up with to 
obtain the amount of solute required: 


(280 g/L)(3 L) = 1140 g 


Divide the amount o£ solute by the solution 
concentration to obtain the amount of solution 
she prepared: 
TUÍP- —_ 
10 g/L 


Exploring Further 


http://www.google.com 


se 227 10zfer agnei as a Web-search key- 
word to fnd a large number of Web sites that 
advertise the use of magnetic fields to prevent 
calcium buildup in plumbing. The proposed 
mechanism ¡s that the magnetic field facilitates 
the formation of calcium carbonate crystals In 
the water rather than on the pipes. But watt! 
Calcium ions are not attracted to magnets the 
way metallic iron ¡s. Does this method really 
work? Beware and be critical. The Web ¡s chock 
full of misinformation. 
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http://www.med.umich.edu/liquid/Research.html 


se Ø£7/ørocarbøn as a Web-search keyword 
and you will find references, most of them tech- 
nical, to a variety of medical and other uses for 
liquid perfuorocarbons. The site listed here ¡s 
that of the Liquid Ventilation Program at the 
Ủniversity of Michigan. Scroll to the bottom 

of the home page for a list of useful links. 


http://wwwW.Sugar.org 


According to this site, the Sugar Âssociation Is 
proud to provide reliable, science-based infor- 
mation about pure, natural sugar. Reliance on 
sound science has positioned the Ássociation as 
a leader in communicating accurate information 
about the nutritional and functional uses of 
sugar to consumers, professionals, and the 
media. 
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Macroscopic Consequences of Molecular Stickiness 


You are made of water, born into a world of water, and then forevermore 
dependent on water. You can survive for more than a month without food, 
but without fresh water you would perish in a matter of days. Little wonder 
when you consider that water makes up about 60 percent of your body 
mass. lts the ideal solvent for transporting nutrients through your body and 
for supporting the countless biochemical reactions that keep you alive. All 
living organisms we know of depend on water. lt is the medium of life on 
our planet and arguably our most vital natural resource. 

Water is so common in our lives that its many unusual properties easily 
escape our notice. Consider, for example, that water is the only chemical sub- 
stance on our planets surface that can be found abundantly in all three 
phases—solid, liquid, and gas. Another unique property of water is Its great 
resistance to any change in temperature. As a result, the water in you moder- 
ates your body temperature just as the oceans moderate global tempera- 
tures. Water“s resistance to a change in temperature is also why it takes so 
long for a pot of water to boil and why firewalkers benefit by walking on wet 
grass before stepping on red-hot coals. Consider also that, unlike most other 
liquids, which freeze from the bottom up, liquid water freezes from the top 
down. To the trained eye of a chemist, water is far from a usual substance. 
Rather, its downright bizarre and exotic. 
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Figure 8.1 

The expansion of the freezing water 
inside the jar caused the lid to rise 
above the mouth of the jar. 


Almost all of the amazing properties of water are a consequence of the ability 
of water molecules to cling tenaciously to one another by way of electrical attrac- 
tions. Recall that each attraction, called a hydrogen bond, occurs between one of 
the positively charged hydrogen atoms of one water molecule and the negatively 
charged oxygen atom of another water molecule. In this chapter we explore the 
physical behavior of water while diving into the details and consequences of the 
“stickiness” of water molecules.We begin by exploring first the properties of solid 
water (ice), then those of liquid water, and finally those of gaseous water, also 
known as water vapOor. 


8.1 Water Molecules Form an Open 
Crystalline Structure In lce 


Experience tells us not to place a sealed glass jar of liquid water ¡n the 
freezer, for we know that water expands as it freezes. lrapped ¡n the jar, the 
freezing water expands outward with a force strong enough to shatter the 
ølass into a hazardous mess, or to pop the lid from the Jar, as shown in Elig- 
ure 8.1. This expansion occurs because when the water Íreezes, the water 
molecules arrange themselves in a six-sided crystalline structure that con- 
tains many open spaces. Âs Figure 8.2 shows, a given number of water mol- 
ecules in the liquid can get relatively close to one another and so occupy a 
certain volume. Ñater molecules in the crystalline structure oÊ ice occupy a 
greater volume than ¡in liquid water, however. Consequently, ice ¡s less 
dense than liquid water, which ¡s why ice fẨloats in water. (Interestinely, the 
Increase in volume that occurs when water Íreezes is cqual to the volume of 
the Ice Hoating above the liquid waterS surface.) 


¬..`#` * | Š ề ° 
„4 4 Lệ ® ⁄ ⁄ „®. „® < 
ạ 3_- se sec  e« 
Liquid water lce 
(dense) (less dense) 
Figure 8.2 


Water molecules in the liquid phase are arranged more compactly than water molecules in the 
solid phase, where they form an open crystalline structure. 


This property of expanding upon freezing ¡s quite rare. The atoms or ' 
molecules of most frozen solids pack in such a way that the solid phase 
occuples a s⁄/z volume than the liquid phase (Figure 8.3) 
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lce 


paraffin 


(b) Paraffin molecule 


Figure 8.3 

(a) Because water expands as it Íreezes, ice is less dense than liquid water and so floats in the 
water. (b) Like most other materials, paraffin is denser in its solid phase than in its liquid phase. 
Solid paraffin thus sinks in iiquid paraffin. 


Concept Check v 


Are you interpreting correctly the illustration of waters open crystalline 
structure shown in Figure 8.2? lf you are, youll be able to answer this 
question: what's inside one of the open spaces? 


: '®'a: a. aÏr 


` v$.< ` b. water vapor 


Ầ «` c. nothing 
2 tự, 


e` i 


—_ 


= 


= 


` 


Was this You anSW€FY? tf there were air in the spaces, the illustration would have to show the 
molecules that make up air, such as O; and Nz, which are comparable in size to water molecules. Any 
water vapor in the spaces would have to be shown as free-roaming water molecules spaced relatively 
far apart. The open spaces shown here represent nothing but empty space. The answer is c. 


The hexagonal crystalline structure of HạO molecules in ice has some 
interesting effects. Most saowflakes, like the one in Figure 8.4, share a sim- 
ilar hexagonal shape, which ¡s the microscopic consequcnce of this molec- 
ular geOm€try. 

Applying pressure to ice causes thé open spaces to collapse, which trans- 
forms a small amount of ice to liquid water. The effect is only temporary 
because, as soon as the pressure is femoved, the liquid water refreczes. The 
pressure applied by the blades of an ice skater or an ice-sailing crafÍt is suf- 


Figure 8.4 
: : `. : The six-sided geometry of ice crystals 
ficient to generate a tempOrary thin flm of liquid water over which the gives rise to the six-sided structure of 


blades glide, as shown in Figure 8.5 on page 240. (The melting ¡s also a snowflakes. 
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Figure 8.5 

Skating blades cause a temporary melt- 
ing of the ice, which generates a slip- 
pery thin film of liquid water. 


Pressure of 
skate blade 


Thin film of 
liquid water 


result of the heat generated from the friction of the blade.) At temperatures 
well below 0°C, thé water molecules in ice are held so ñrmly ¡n the hexag- 
onal structure that there is no noticeable melting from an applied pressure. 
For this reason, skating blades do not glide well in extremely cold weather. 


Hands-On Chemistry: A SÏice of Ice 


The principle behind ¡ce skating can be used to pass a metal wire through a 
block of ice. 


What You Need 


Brick-sized block of ice; flat board, such as length of 2-by-4 or meterstick; 
two straight-back chairs; thin metal wire about 1 meter long (copper works best); 
two heavy weights, such as dumbbells or plastic milk jugs filled with water 


Procedure 


(1 Make the ice by freezing water in a plastic container of desired shape 
and size. To make a block that is fairly clear, use water that has just 
cooled down after having been boiled. 


) Attach one weight to each end of the wire. 


(8) Support the board by laying it across the two chair backs,one chair back 
near one end of the board, the other near the other end. 


(4) Place the block of ice on the board and drape the wire across the top as 
shown in the drawing. The ice just beneath the wire will melt because of 
the pressure exerted by the wire. The melted ice above the wire then 
refreezes, trapping the downward-moving wire inside the ice. 


®) After a few minutes, the wire will have passed all the way through the 
ice block. Once that has happened, knock the ice with a hammer and 
see where it breaks. (In the days before refrigerators, this was the way 
large ice blocks were cut to size for the kitchen icebox.) 


What do you suppose would happen if string were used instead of wire? 
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8.2 Freezing and Melting Go On at the Same Time 


As Section 1.7 discussed, zejzø occurs when a substance changes from 
solid to liquid and /#e¿z/zø occurs when a substance changes from liquid to 
solid. When we view these processes from a molecular perspective, we sec 
that melting and freezing occur simultaneously, as Figure 8.6 illustrates. 


lce Liquid water 
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Vibrating H;O molecules Slowly moving H;O molecules Figure 8.6 
fixed in crystalline structure  near freezing temperature At 0°C, ice crystals gain and lose water molecules simultaneously. 


The temperature 0°C is both the melting temperature and the freezing 
temperature of water. At this temperature, water molecules in the liquid 
phase are moving slowly enouph that they tend to clump together to form 
ice crystals—they freeze. At this same temperature, however, water molc- 
cules in ice are vibrating with great commotion, mụch more than they 
vibrate at colder temperatures. Many thus break loose from the crystalline 
structure to form liquid water—they melt. Thus melting and Íreezing occur 
simultaneously. 

For water, 0°C ¡s the special temperature at which the rate of ice for- 
mation equals the rate of liquid water formation. In other words, it Is the 


temperature at which the opposite processes of melting and freezing coun- Ð 
terbalance cach other. This means that iŸa mixture of ice and liquid water lê suổ 
is maintained at exactly 0°C, the two phases are able to coexist ¿ 
indefnitely. 


Anytime we want a mixture of ice and liquid water at 0C _ +2 j" = = ` ï 


to reeze solid, we need to favor the rate of ice formation. Thịs 


is accomplished by removing heat energy, a proC€$S that facili- lò Bà 
tates the formation of hydrogen bonds. As shown in Figure 8.7, 
when water molecules come together to form a hydrogen bond, heat energy 
¡s released. In order for the molecules to remain hydrogen-bonded, this heat HÔNG 8.7 _ : 
... s two water molecules come together 

enerey must be removed_—otherwiắc, the heat energy can be reabsorbed by tế and 
the molecules, causing them to separate. [he removal of heat energy there- elagmricicreasfausciit bia... 
fore allows hydrogen bonds to remain intact after they have formed. As a toward each other. Thỉs results in an 

ỗ ˆ Ï in their kinetic energies (the 

ice crystals tO ØTOW. Tae. g 
result, there ¡s the tendency [or the Ice Ty đi - eWGYGWEG'NGEBMGPINGHESI2888G31650 
Conversely, we can get a mixture OÊ Ice and liquid water at 0”C to melt ðWIEIOfigcrsoøibil©zeslefdiief 


completely by adding heat energy. Thịs heat energy goes into breaking apart energy. 
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Figure 8.8 

Heat energy must be added in order 
{o separate two water molecules held 
together by a hydrogen bond. This 
heat energy causes the molecules to 
vibrate so rapidly that the hydrogen 
bond breaks. 


5 vẽ, .vyvẽ : 
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Ỷ 


Heat input 


the hydrogen bonds that hold the water molecules together, as shown In 
Figure 8.8. Because more hydrogen bonds between water molecules are 
breaking, there 1s the tendency for the ice crystals to melt. 

Solutes tend to inhibit crystal formation. Anytime a solute, such as table 
salt or sugar, is added to water, the solute molecules take up space, as you 
learned in Section 7.2. When a solute ¡s added to a mixture of ice and liquid 
water at 0°C, the solute molecules efectively decrease the number of liquid 
water molecules at the solid-liquid interface, as Figure 8.9 illustrates. Ñith 
fewer liquid water molecules available to join the ice crystals, the rate of ice 
formation decreases. Because Ice ¡s a relatively pure form of water, the num- 
ber of molecules moving from the solid phase to the liquid phase is not 
affected by the presence of solute. The net result is that the rate at which 
water molecules leave the solid phase is greater than the rate at which they 
enter the solid phase. This imbalance can be compensated for by decreasing 
the temperature to below 0°C,. At lower temperatures, water molecules in the 
liquid phase move more slowly and have an easier time coalescing. Thus the 
rate of crystal formation ¡s Increased. 

In general, adding anything to water lowers the Íreezing point. Anti- 
freeze 1s a practical application of this process. The salting of icy roads is 
another. 
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Figure 8.9 

(a) In a mixture of ice and liquid water at 0°C, the number of H;O molecules enftering the solid 
phase is equal to the number of H;O molecules entering the liquid phase. (b) Adding a solute, 
such as sodium chloride, decreases the number of H;O molecules entering the solif phase 
because now there are fewer liquid HO molecules at the interface. 
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Concept Check v 


On a day with normal traffic, a certain parking lot has cars entering and 
leaving at the same rate. lf the traffic in the streets around the lot were sud- 
denly to change so that about half of it was trucks and limousines too large 
to park in the lot,what would happen to the rate at which cars enter the lot? 
What would happen to the number of cars parked in the lot if this situation 
persisted for a couple of hours? How is this scenario analogous to what 
happens when a solute is added to a mixture of ice and liquid water at 0°C? 


Were these YOUT AïSW€FS? With fewer cars on the streets, the rate at which cars enter the lot 
decreases. The rate at which cars leave the lot, however, initially stays the same. Eventually, fewer emp- 
tied spaces get filled, and there is an overall decrease in the number of cars parked in the lot. This sce- 
nario is analogous to the ice-water case because the solute particles (trucks and limousines) lower the 
number of liquid water molecules (incoming cars) in contact with the ice (parking lot), thereby dimin- 
ishing the rate at which water molecules (cars) enter the ice (parking lot). Freezing is thus deterred 
(fewer cars enter the lot), while melting continues unabated (cars leave the lot at the same rate). 


Water ls Densest at 4°C 


WWhen the temperature of a substance is increased, its molecules vibrate faster 
and, on average, move farther apart. The result is that the substance expands. 
With few exceptions, all phases of matter—solids, liquids, and gases— 
expand when heated and contract when cooled. In many cases, these 
changes in volume are not very noticeable, but with careful observation you 
can usually detect them. Telephone wires, for instance, are longer and sag 
more on a hot summer day than on a cold winter day. Metal lids on gÌass 
jars can often be loosened by heating under hot water. lÝ one part oÊ 4 piece 
OỂ glass ¡s heated or cooled more rapidly than adjacent parts, the expansion 
or contraction that results may break the gÌass. 

Within any given phase, water also expands with increasing tempera- 
ture and contracts with decreasing temperature. This ¡s true of all three 
phases—ice, liquid water, and water vapor. Liquid water at near-freezing 
temperatures, however, Is an exception. 

Liquid water at 0°C can fow just like any other liquid, but at 0°C the 
temperature is cold enough that microscopic crystals of ice are able to form. 
These crystals slightly “bloat the liquid waters volume, as shown in Figure 
8.10. As the temperature is increased to above 0°C, more and more of these 
microcrystals collapse, and as a result the volume of the liquid water ⁄/££7¿2sés 


Ice crystals in nearly 
frozen liquid water 


Figure 8.10 

Within a few degrees of 0°C, liquid 
water contains crystals of ice. The open 
structure of these crystals makes the 
volume of the water slightly greater 
than it would be without the crystals. 
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Figure 8.11 

Between 0°C and 4°C, the volume of 
liquid water decreases as the tempera- 
ture increases. Above 4°C, water 
behaves the way all other substances 
đo: its volume increases as its temper- 
ature increases. The volumes shown 
here are for a 1-gram sample. 


Volume (mL) 
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Temperature (°C) 
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đ) Liquid water below 4°C is bloated 
with ice crystals. 


@) Upon warming, the crystals collapse, 
resulting in a smaller volume for the 
liquid water. 


@) Above 4°C, liquid water expands as it is heated 
because of greater molecular motion. 


Figure 8.11 shows that between 0°C and 4°C liquid water ¿ø7z⁄2ef as its 
tempcrature 1s raised. This contraction, however, continues only up to 4°C, 
As near-freezing water ¡is heated, there is a simultaneous tendency for the 
water to expand due to greater molecular motion. Between 0°C and 4°C, the 
decrease in volume caused by collapsing ¡ce crystals is greater than the 
Increase in volume caused by the faster-moving molecules. As a result, the 
water volume continues to decrease. Ât temperatures just above 4°C, expan- 
sion overrides contraction because most of the ice crystals have collapsed. 

So, because of the effect of collapsing microscopic ice crystals, liquid 
water has its smallest volume and thus its greatest density at 4°C. (Recall 
from Section 1.8 that đ¿zs/zy is the amount oŸ mass contained in a sample 
of anything divided by the volume of the sample.) By defÑnition, I gram of` 
pure liquid water at this temperature has a volume of 1.0000 milliliter. As 
Figure 8.11 shows, l gram ofliquid water at 0°C has an only slightly larger 
volume o£ 1.0002 milliliters. By comparison, 1 gram of ice at 0°C has a 


` 
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volume o£ 1.0870 milliliters. As can be seen in the small graph on the right 
In Figure 8.11, the volume oÝ 1 gram of ice stays above 1.08 milliliters even 
below 0°C, meaning that cven when ice is cooled to temperatures wcll 
below freezing, ít is still always less dense than liquid water. 

Although liquid water at 4°C ¡s only slightly more dense than liquid 
water at 0C, this small difference is of great importance in nature. Con- 
sider that ¡f water were densest at its freezing point, as Is true of most other 
liquids, the coldest water in a pond would settle to the bottom and the 
pond would freeze from the bottom up, destroying living organisms in win- 
ter months. Fortunately this does not happen. As winter comes on and the 
temperature of the water drops, its density also drops. The entire volume of 
water In the pond does not cool alÏ at once, however. Surface water cools 
first because it is in direct contact with the cold air. Being cooler than the 
underlying water, this surface water ¡is denser and so sinks, with warmer 
water rising to replace it. [hat new batch o£ surface water then cools to the 
air temperature, øets denser as it does so, and sinks, only to be replaced by 
warmer water that cools. This process continues on and on until the entire 
body of water has been cooled to 4°C. Then, If the air temperature remains 
below 4°, the surface water also cools to below 4°. Thịs surface water 
does not sink, however, because at this colder temperature it is now 4s 
dense than the water below ¡t. [hus, cooler less-dense water stays on the 
surface, where it can cool further, eventually reach 0°, and turn to Ice. 
WWhile this ice forms at the surface, the organisms that require a liquid envi- 
ronment are happily swimming below the ¡ce in liquid water at a ˆwarmÏ” 
4°C, as Figure 8.12 illustrates. 


An important efect of the vertical movement of water is the creation of 
vertical currents that, to the benefit of organisms living in the water, trans- 
port oxygen-rich surface water to the bottom and nutrient-rich bottom 
water tơ the surface. Marine biologists refer to this vertical cycling of water 
and nutrients as 02/77. 

Very deep bodies of fresh water are not ice-covered even in the coldest 
of winters. This is because, as noted above, all the water must be cooled to 
4°C before the temperature of the surface water can drop below 4°C. For 
deep water, the winter is not long ehouph for this to occur. 

If only some of the water in a pond is 4C, this water lies on the bot- 
tom. Because of waters ability to resist changes in temperature (Section 
8.5) and its poor ability to conduct heat, the bottom of deep bodies of 
water in cold regions is a constant 4°C year round. 


Figure. 8.12 
As water cools to 4°C, it sinks. Then, as 


water at the surface is cooled to below 
4°C, it floats on top and can freeze. 


Only after surface ice forms can tem- 
peratures lower than 4°C extend down 
into the pond. This does not happen 
very readily, however, because surface 
ice insulates the liquid water from the 
cold air. 
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Figure 8.13 
A paper clip rests on water, pushing the 
surface down slightly but not sinking. 


Concept Check v 


What was the precise temperature at the bottom of Lake Michigan on 
New Year5 Eve ïn 1901? ứ 


Was this Y0uf anSW€F? If a body of water has 4°C water in it, then the temperature at the bot- 
tom of that body of water is 4°C, for the same reason that rocks are at the bottom. Both 4°C water and 
rocks are denser than water at any other temperature. lf the body of water is deep and in a region of 
short summers, as is the case for Lake Michigan, the water at the bottom is 4°C year round. 


8.5 The Behavior of Liquid Water Is the Result 
of the Stickiness of Water Molecules 


In this section, we explore how water molecules in the liquid phase Interact 
with one another via cohesive forces, which are forces of attraction between 
molecules of a single substance. For water, the cohesive forces are hydrogen 
bonds. We also explore how water molecules interact with other polar mate- 
rials, such as plass, throuph adhesive Íorces, forces of attraction between 
molecules of two 7z substances. 

Cohesive and adhesive forces involving water are dynamíc. Ït 1s not one 
set of water molecules, for example, that holds a droplet of water to the side 
of a glass. Rather, the billions and billions of molecules in thế droplet all 
take turns binding with the glass surface. Keep this in mind as you read this 
section and examine its illustrations, which, though informative, are mereÌy 
freeze-frame depictions. 


The Surface of Liquid Water Behaves like an Elastic Film 


Gently lay a dry paper clip on the surface of some still water. IÝyouTe care- 
ful enouph, the clip will rest on the surface, as shown in Eigure 8.13. How 
can this be? Dont paper clips normally sink in water? 

Eirst, you should be aware that the paper clip is not Ñoating 7z the water 
the way a boat Roats. Rather, the clip is resting øz the water surface. The 
closeup view in Figure 8.13 reveals that the clip is indeed resting on the sur- 
face. The slight depression in the surface is caused by the weight of the clip, 
which pushes down on the water much like the way the weight of a ch¡ild 


Surface of water bends 
» toaccommodate weight 
ề of paper clip 
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Figure 8.14 

A molecule at the surface is pulled only sideways and 
downward by neighboring molecules. A molecule beneath 
the surface is pulled equally in all directions. 


pushes down on a trampoline. Thịs elastic tendency found at the surface of 
a liquid 1s known as surface tension. 

Surface tension ¡s caused by hydrogen bonds. As shown in Figure 8. lá, 
beneath the surface, cach water molecule is attracted in every directlon by 
neighboring molecules, with the result that there ¡is no tendency to be 
pulled in any preferred direction. A water molecule on the surface, however, 
is pulled only by neighbors to each side and those below; there ¡s no pull 
upward. The combined effect of these molecular attractions ¡s thus to pull 
the molecule from the surface into the liquid. Thịs tendency to pulÏl surface 
molecules into the liquid causes the surface to become as smalÏ as possIble, 
and the surface behaves as If it were tiphtened ¡into an elastic fñiÌm. Lipht- 
weieht objects that dont pierce the surface, such as a paper clip, are thus 
able to rest on the surface. 

Surface tension accounts for the spherical shape of liquid drops. Rain- 
drops, drops of oil, and falling drops of molten metal are all spherical 
because their surfaces tend to contract and this contraction forces cach drop 
into the shape having the least surface area. This is a sphere, the geometric 
fgure that has the least surface area for a given volume. In the weightlcss 
environment o£an orbiting space shuttle, a blob o£ water takes on a spher- 
ical shape naturally, as is shown in Figure 8.15. Back on the Earth, the mist 
and dewdrops on spider webs or on the downy leaves of plants are also 
spherical, except for the distortions caused by the force Of ØTaVItY. 


Figure 8.15 
(a) The surface tension in a freely float- 
¡ng blob of water causes the water to 
take on a spherical shape. (b) Small 
blobs of water resting on a surface 
would also be spheres if it weren't for 
the force of gravity, which squashes 
(b) them into beads. 
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Figure 8.16 

Soap or detergent molecules align 
themselves at the surface of liquid 
water so that their nonpolar tails can 
escape the polarity of the water. This 
arrangement disrupts the water's sur- 
face tension. 


Figure 8.17 

(a) Water beads on a surface that is 
clean and dry. (b) On a plate smeared 
with a thin film of detergent, water 
spreads evenly because the detergent 
has upset the waters surface tension. 


Air 


Nonpolar tail 
Soap or detergent 
molecule Polar head 


Surface tension is greater in water than in other common liquids 
because the hydrogen bonds in water are relatively strong. The surface ten- 
sion in water ¡s dramatically reduced, however, by the addition of soap or 
detergent. Figure 8.16 shows that soap or detergent molecules tend to 
aperegate at the surface of water, with their nonpolar tails sticking out away 
from the water. At the surface, these molecules interfere with the hydrogen 
bonds between neighboring water molecules, thereby reducing the surface 
tension. Get a metal paper clip Ñoating on the surface of some water and 
then carefully touch the water a few centimeters away with the corner of a 
bar of wet soap or a dab of liquid detergent. You will be amazed at how 
quickly the surface tension ¡s destroyed. 

Ít is the strong surface tension of water that prevents it from wetting 
materials that have nonpolar surfaces, such as waxy leaves, umbrellas, and 
freshly polished automobiles. Rather than wetting (spreading out evenly), 
the water beads. This is good ¡f the idea is to keep water away. lÝ we want 
to clean, however, the idea is to get the object as wet as possible. This 1s 
another way in which soaps and detergents assist in cleaning, as Figure 8.17 
1llustrates. By destroying waterS surface tension, they enhance its ability to 
wet. [he nonpolar grime on dirty fabrics and dishes, for example, is pene- 
trated by the water more rapidly, and cleaning ¡s more efficient. 


(b) 
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Capillary Action Results from the Interplay of Adhesive and Cohesive Forces 


Because gÌass is a polar substance, there are adhesive forces between ølass and 
water. These adhesive forces are relatively strong, and the many water mole- 
cules adjacent to the inner surface of a gÌass container compete to interact 
with the glass. They do so to the point of climbing up the inner surface of 
the glass above the water surface. Take a close look at the tube of colored 
water in Figure 8.18, and youÌÏ see that the water is curved up the sides of 
the glass. We call the curving of the water surface (or the surface ofany other 
liquid) at the interface between it and its container a meniscus. 


Adhesive forces 
(dipole-dipole 
attractions) 


Cohesive forces 


Eigure 8.19 illustrates what happens when a small-diameter gÌass tube is 
placed in water. ® Adhesive forces initially cause a relatively steep meniscus. 
@) As soon as the meniscus forms, the attractive cohesive Íorces among water 
molecules respond to the steepness by acting to minimize the surÍace area of 
the meniscus. The result ¡s that the water level in the tube rises. ) Adhesive 
forces will then cause the formation of another steep meniscus. (4) This is fol- 
lowed by the action of cohesive forces, which cause the steep meniscus to be 
“§lled in.” This cycle is repeated until the upward adhesive force equals the 
weight of the raised water in the tube. This rise of the liquid due to the inter- 
play of adhesive and cohesive forces is called capillary action. 


@) 


LÌ 
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Figure 8.18 

Adhesive forces between water and 
glass cause water molecules to creep 
up the sides of the glass, forming a 
meniscus. 


Figure 8.19 

Water is drawn up a narrow glass 
tube by an interplay of adhesive and 
cohesive forces. 
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Adhesive forces _— Cohesive forces — —*> Adhesive forces —— Cohesive forces 
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Figure 8.20 

Capillary tubes. The smaller the dia- 
meter of the tube, the higher the 
liquid rises in ít. 


In a tube that has an internal diameter of about 0.5 millimeter, the 
water rises slightly higher than 5 centimeters. In a tube that has a smaller 
diameter, there is a smaller volume and less weipht for a given height, and 
the water rises much hipher, as Figure 8.20 illustrates. 


ÑWe see capillary action at work in many phenomena. lf a paintbrush is 
dipped into water, the water rises into the narrow spaces between the bris- 
tles by capillary action. Hang your hair in the bathtub, and water seepbs up 
to your scalp in the same way. This is how oil moves up a lamp wick and 
how water moves up a bath towel when one end hangs in water. Dip one 
end of a lump of sugar ¡n coffee, and the entire lump ¡s quickly wet. The 
capillary action occurring between soil particles is important in bringing 
water to the roots of plants. 


Concept Check v 


An astronaut sticks a narrow glass tube into a blob of floating water while 
in orbit, and the tube fills with water. Why? 


Was this your answer? Capillary action causes the water to be drawn into the tube. In the free- 
fall environment of an orbiting spacecraft, however, there is no downward force to stop this capillary 
action. Äs a resuit, the water continues to creep along the inner surface of the tube until the tube is 
filled (and then starts spurting out the end). 


84 Water Molecules Move Freely Between 
the Liquid and Gaseous Phases 


Molecules of water ¡n the liquid phase move about ¡n all directions at diÊ 
ferent speeds. Some of these molecules may reach the liquid surface moving 
fast enough to overcome the hydrogen bonds and escape into the gaseous 
phase. As presented in Section 1.7, this process of molecules converting 
from the liquid phase to the gaseous phase ¡s called_£øzøøz/øø (aÌso some- 
times called øøøz7zz//ø?). The opposite of evaporation is e2⁄/2⁄szøw——the 
changing of a gas to a liquid. At the surface of any body of water, there is a 
constant exchange of molecules from one phase to the other, as illustrated 
in Figure 8.21. 
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«ẴẰ ` 5 EWlDGration Figure 8.21 
è v . á The exchange of molecules at the interface between liquid and gaseous water. 
° Mi 
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Figure 8.22 
Evaporation is a cooling process. 


Air is cooled. 


đ) Liquid water molecule @) Liquid water cooled as @) Molecule enters gaseous 


having sufficient kinetic Ít loses this high-speed phase, having lost kinetic 
energy to overcome water molecule. energy in overcoming 
surface hydrogen bonding hydrogen bonding at 
approaches liquid surface. the liquid surface. Air is 


cooled as it collects these 
slowly moving gaseous 
particles. 


As evaporating molecules leave the liquid phase, they take their kinetic 
energy with them. This has the effect of lowering the average kinetic energy 
of all the molecules remaining ¡n the liquid, and the liquid ¡s cooled, as Fig- 
ure 8.22 shows. Evaporation also has a cooling effect on the surrounding 
air because liquid molecules that escape into the gaseous phase are moving 
relatively slowly compared to other molecules in the air. This makes sense 
when you consider that these newly arrived molecules lost a fair amount of 
their kinetic energy in overcoming the hydrogen bonds of the liquid phase. 
Adding these sÌower molecules to the surrounding air effectively decreases 
the average kinetic energy of all the molecules making up the air, and the 
air is cooled. So no matter how you look at it, evaporation ¡s a cooling 
process. Eigure 8.23 shows a useful application o£ this cooling efect. 

As water cools, the rate of evaporation slows down because fewer mol- 
ecules have sufficient energy to escape the hydrogen bonds of the liquid 
phase. A higher rate of evaporation can be maintained if the water 1s In con- 


: “ : Figure 8.23 
tact with a relatively warm surface, such as your skin. Body heat then fows WiieggiiEtyhie dloïn c5099W7f0ïtiis 
from you into the water. In this way the water maintains a higher temper- canteen promotes cooling. As the 
ature and evaporation continues at a relatively high rate. This is why you TEDETTHONHIOIVEHEEEOHGIESBIERROOLE 
: h rate from the wet cloth, its temperature 
feel cool as you dry off after getting wet—you are losing body heat to the derEtfSEorrrffIRIDDIBSIITEPTPEGBMEPffn 


cnergy-requiring process of evaporation. turn cools the water in the canteen. 
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Figure 8.24 

(a) Dogs have no sweat glands (except between their 
toes). They cool themselves by panting. In this way evap- 
oration occurs in the mouth and the bronchial tract. 

(b) Pigs have no sweat glands and therefore cannot cool 
by the evaporation of perspiration. Instead, they wallow 
in the mud to cool themselves. 


When your body overheats, your sweat glands produce perspiration. 
The evaporation of perspiration cools you and helps maintain a stable body 
temperature. Many animals, such as the ones in Figure 8.24, do not have 
sweat ølands and must cool themselves by other means. 


Concept Check v 


lf water were less “sticky,” would you be cooled more or less by its 
evaporation? 


Was this Y0UuF nsWeF? water molecules leave the liquid phase only when they have enough 
kinetic energy to overcome hydrogen bonding. lt is hydrogen bonding that makes water sticky, and so 
to say water is less sticky is to say that hydrogen bonds are weaker than they actually are. Then at a 
given temperature, more molecules in the liquid phase would have sufficient kinetic energy to over- 
come the weaker hydrogen bonds and escape into the gaseous phase, carrying heat away from the liq- 
uid. The cooling power of evaporating water would therefore be greater. This is why less “sticky” sub- 
stances, sụch as rubbing alcohol, have a noticeably greater cooling effect as they evaporate. 


Warm water evaporates, but so does cool water. The only difference is 
that cool water evaporates at a slower rate. Even Írozen water “evaporates.” 
Thịs form oÊ evaporation, in which molecules jump directly from the solid ` 
phase to the gaseous phase, is called sublimation. Because water molecules 
are so ñrmly held in the solid phase, frozen water does not release molecules 
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Fast-moving water 
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bounces off surface 


into the øaseous phase as readily as liquid water does. Sublimation, how- 
ever, does account for the loss oÊ signiicant portions of snow and ice, espe- 
cialÌy on sunny, dry mountain tops. Its also why ¡ce cubes left in the Íreezer 
for a long time tend to get smaller. 

Át the surface of any body of water, there ¡is condensation as welÏ as 
evaporation, as Figure 8.21 indicates. Condensation occurs as slow-moving 
water vapor molecules collide with and stick to the surface ofa body of liq- 
uid water. Fast-moving water vapor molecules tend to bounce off each 
other or of the liquid surface, losing little of therr kinetic energy. Only the 
slowest gas molecules condense into the liquid phase, as Figure 8.25 illus- 
trates. As this happens, energy ¡s released as hydrogen bonds are formed. 
Thís energy ¡s absorbed by the liquid and Increases its temperature. Con- 
densation involves the removal of slower-moving water vapor molecules 
from the gaseous phase. The average kinetic energy of the remaining water 
vapor molecules is therefore increased, which means that the water vapor 
is warmer. So no matter how you look at ít, condensation 1s a warming 
PrOCe€ss. 

A dramatic example of the warming that results from condensatioa 1s 
the energy given up by water vapor when it condenses—a painful experi- 
ence if it condenses on you. Thats why a burn from 100C water vapor 1s 
much more damaging than a burn from 100°C liquid water; the water 
vapor gives up considerable energy when it condenses to a liquid and wets 
the skin. This energy released by condensation is utilized in heating sys- 
tems, such as the household radiator shown in Figure 8.26. 

The water vapor in our atmosphere also gives up energy 4s it condenses. 
Thịs is the energy source for many weather systems, such as hurricanes, 
which derive much of their energy from the condensation of water Vapor 
contained in humid tropical aïr, as Eigure 8.27 on page 254 illustrates. The 
formation of 1 inch of rain over an area of 1 square mile yields the energy 
cquivalent of about 32,000 tons of exploded dynamite. 

After you take a shower, even a cold one, you are warmed by the heat 
energy released as the water vapor in the shower stall condenses. You quickly 


Figure 8.25 
Condensation is a warming process. 


Figure 8.26 
Heat is given up by water vapor when 
the vapor condenses inside the radiator. 
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Figure 8.27 

As it condenses, the water vapor in 
humid tropical air releases ample 
quantities of heat. Continued conden- 
sation can sometrimes lead to powerful 
storm systems, such as hurricanes. 


Figure 8.28 

lf youre chilly outside the shower stall, 
step back inside and be warmed by the 
condensation of the excess water 
vapor there. 


sense the difference ¡f you step out of the stall, as the chiỈly guy in Eigure 
8.28 ¡s ñnding out. Away from the moisture, the rate of evaporation ¡s much 
higher than the rate of condensation, and as a result you feel chỉlly. When 
you remain in the shower stall, where the humidity 1s higher, the rate of con- 
densation is increased so that you feel that mụch warmer. So now you know 
why you can dry yourself with a towel much more comfortably ¡f you 
remain ¡in the shower stall. If youre in a hurry and dont mind the chỉl, dry 
yourself off in the hallway. 

Spend a July afternoon ¡in dry Tucson or Las Vegas, and youlÏ soon 
notice that the evaporation rate ¡s appreclably greater than the condensa- 
tion rate. The result of this pronounced evaporation 1s a much cooler feel- 
¡ng than you would experience on a same-temperature July afternoon in 
New York City or New Orleans. In these humid locations, condensation 
Outpaces evaporation, and you feel the warming effect as water vapor ¡n the 
alr condenses on your skin. 


Concept Check v 


lf the water level in a dish of water remains unchanged from one day to the 
next, can you conclude that no evaporation or condensation is taking place? 


Was this YOU anSW€F? Not at all, for there is mụch activity taking place at the molecular level. 
Both evaporation and condensation occur continuously and simultaneously. The fact that the water 
level remains constant indicates equal rates of evaporation and condensation—the number of 


HạO molecules leaving the liquid surface by evaporation is equal to the number entering the liquid 
by condensation. 
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Boiling ls Evaporation Beneath a Liquid Surface 


When liquid water ¡s heated to a sufficlently high temperature, bubbles of 
water vapor form beneath the surface, as we saw in Section 1.7. These bub- 
bles are buoyed to the surface, where they escape, and we say the liquid 1s 
bøzlz-g. As shown in Figure 8.29, bubbles can form only when the PT€SSure 
of the vapor inside them is equal to or greater than the combined pressure 


Atmospheric pressure ồ 


Water pressure 


u 


Vapor pressure 


| 


ŸÄ Figure 8.29 
Boiling occurs when water mole- 


cules in the liquid are moving 
fast enough to generate bubbles 
of water vapor beneath the sur- 
face of the liquid. 


Œ@) As liquid water is heated, &) Before the boiling point is reached, 


molecules gain enough 
energy to evaporate 
beneath the surface,forming 
bubbles of water vapor. 


@) At the boiling point, the pressure 
of the water vapor inside the bubbles 
equals or exceeds the sum of atmo- 
spheric pressure plus water pressUre. 
As a result, the bubbles of water vapor 
are buoyed to the surface and escape. 


the pressure of the water vapor inside 
the bubbles is less than the sum of 
atmospheric pressure plus water 
pressure. As a result, the bubbles 

of water vapor collapse. 


We see this evaporation 
as boiling. 
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Figure 8.30 

The tỉght lid of a pressure cooker holds 
pressurized vapor above the water sur- 
face, and this inhibits boiling. In this 
way, the boiling temperature of the 
water is increased. Any food placed in 
this hotter water cooks more quickly 
than food placed in water boiling at 
100C. 


water (cooling) 


| †—Energy leaving 


Energy entering 
water (heating) 


Figure 8.32 

Heating warms the water from below, 
and boiling cools it from above. The 
net result is a constant temperature for 
the water. 


exerted by the surrounding water and the atmosphere above. Ât the boiling 
point of the liquid, the pressure inside the bubbles equals or exceeds the 
combined pressure of the surrounding water and the atmosphere. Ât Ìower 
temperatures, the pressur€ inside the bubbles is not enouph, and the sur- 
rounding pressure collapses any bubbles that form. 

At what point boiling begins depends not only on temperature but also 
on pressure. Ás atmospheric pressure incrcases, the vapor molecules inside 
any bubbles that form must move faster in order to exert enough pressure 
from inside the bubble to counteract the additional atmospheric pressure. So 
increasing the pressure exerted on the surface of a liquid raises its boiling 
point. A cooking application of this effect of increased pressure is shown in 
Eipgure 8.30. 

Conversely, lowered atmospheric pressure (as at hiph altitudes) decreases 
the boiling point of the liquid, as Figure 8.31 illustrates. In Denver, Col- 
orado, the Mile-High City, for example, water boils at 95°C ¡instead of the 
100°C boiling temperature at sea level. IÝ you try to cook food in boiling 
water that ¡s cooler than 100°C, you must wait a longer time for proper 
cooking. A three-minute boiled egg in Denver is runny and undercooked. If 
the temperature of the boiling water were very low, food would not cook at 
all. As the German mountaineer Heinrich Harrer noted in his book Su 
WZzw 7z T7beứ, at an altitude of 4500 meters (15,000 feet) or hipher, you can 
sip a cụp of boiling tea without any danger of burning your mouth. 


Figure 8.31 
The boiling point of water (as well as other 
liquids) decreases with increasing altitude. 


Boiling, like evaporation, ¡s a cooling process. At first thought, this may 
seem surprising——perhaps because we usually associate boiling with heating. 
But heating water is one thing; boiling ¡t is another. As shown ¡in Figure 
8.32, boiling water is cooled by boiling as fast as it is heated by the energy 
from the heat source. So, boiling water remains at a constant temperature. 
If cooling dịd not take place, continued application of heat to a pot o£ boil- 
¡ng water would raise the temperature of the water. The reason the pressure 
cooker in Figure 8.30 reaches higher temperatures is because boiling ¡s fore- 
stalled by increased pressure, which in effect prevents cooling. 
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Concept Check v 


Is boiling a form of evaporation or is evaporation a form of boiling? 


Was this VOUF arSWF? Boiling ¡s evaporation that takes place beneath the surface of a liquid. 


A simple experiment that dramatically shows the cooling effect of evap- 
Oration and boiling consists ofa shallow dish of room-temperature water in 
a vacuum jar. hen the pressure in the jar is slowly reduced by a vacuum 
pump, the water starts to boil. The boiling process takes heat away from the 
water, which consequently cools. As the pressure is further reduced, more 
and more of the slower-moving liquid molecules boil away. Continued 
boiling results in a lowering of the temperature until the freezing point of 
approximately 0°C ¡s reached. Continued cooling by boiling causes ice to 
form over the surface of the bubbling water. Boiling and freezing take place 
at the same time! The frozen bubbles of boiling water ¡n Figure 8.33 are a 
remarkable sight. 

Spray some drops of coffee into a vacuum chamber, and they, too, boil 
until they freeze. Even after they are frozen, the water molecules continue 
to evaporate Into the vacuum until all that ¡s left to be seen are little crys- 
tals of coffee solids. This ¡s how freeze-dried coffee ¡s made. The low tem- 
perature of this process tends to keep the chemical structure of the coffee 
solids from changing. When hot water ¡s added, much of the original Ha- 
vor of the coffee is retained. 

The refrigerator also employs the cooling effect of boiling. A liquid cool- 
lant that has a low boiling point is pumped into the coils inside the refrigera- 
tor, where the liquid boils (evaporates) and draws heat from the food stored in 
the refrigerator. Then the coolant in its gas phase, along with its added energy, 
is directed outside the refrigerator to coils located ¡in the back, approprlately 
called condensation coils, where heat is given of to the air as the coolant con- 
denses back to a liquid. A motor pumps the coolant through the system as It 
undergoes the cyclic process of vaporization and condensation. lhe next time 
youïre near a refrigerator, place your hand near the condensation coils in the 
back and you Ìl feel the heat that has been extracted from inside. 

An air conditioner employs the same principle, pumping heat energy 
from inside a building to outside. Turn the air conditioner around so that 
cold air is pumped to the outside, and the air conditioner becomes a typ€ 
of heater known as a heat pump. 


85 ITakes a Lot ofÍ Energy to Chang 
the Temperature of Liquid Water 


Have you ever noticed that some foods stay hot mụch longer than others? 
The filing ofa hot apple pie can burn your tongue while the crust will not, 
even when the pie has just been taken out of the oven. Â pIece O toast may 
be comfortably eaten a few seconds after coming from a hot toaster, 
whereas you must wait several minutes before eating hot soup. 


Figure 8.33 
In a vacuum, water can freeze and boil 
at the same time. 
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Figure 8.34 

It takes only 0.451 joule of heat to raise 
the temperature of 1 gram of iron by 
1°. A 1-gram sample of water, by con- 
trast, requires a whopping 4.184 joules 
for the same temperature change. 
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Heat added to 1 gram of material (J) 


Different substances have different capacities for storing heat energy. 
This is because different materials absorb energy ¡n different ways. The 
added energy may ¡ncrease the jiggling motion of molecules, which raises 
the temperature, or it may pull apart the attractions among molecules and 
therefore go into potential energy, which does not raise the temperature. 
Generally there is a combination o£ the two ways. 

It takes 4.184 joules of energy to raise the temperature of 1 gram of liq- 
uid water by l1 C°. As you can see ¡n Figure 8.34, it takes only about one- 
ninth as much energy to raise the temperature of Ì pram of iron by the same 
amount. In other words, water absorbs more heat than iron for the same 
change in temperature. Ñe say water has a hipher specific heat, deined as 
the quantity of heat required to change the temperature of I gram of the 
substance by 1°. 

WWc can think of specific heat as thermal inertia. As you learned ¡n 
Section l.á, 727/2 is a term used in physics to signiíy the resistance of 
an object to a change in its state of motion. Speciic heat is like a ther- 
mai inertia because it sipnifes the resistance of a substance to a change in 
temperature. Each substance has its own characteristic specific heat, which 
may be used to assist in Identiication. Some typical values are given in 


Table 8.1. 


Table 8.1 


Specific Heat for Some Common Materials 


Specific Heat 
Material (2/q - °C) 
Ammonia,NH; 4.70 
Liquid water, HO 4.184 
Ethylene glycol, C;H;O; (antifreeze) 2.42 
lce, H;O 2.01 
Water vapor, H;O 2.0 
Aluminum, AI 0.90 
lron,Fe 0.451 
Silver, Ag 0.24 


Gold, Au 0.13 


——————————  .————————ễễễễễễằễễễễ 
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Guess why water has such a high specifc heat. Once again, the answer is 
hydrogen bonds. When heat is applied to water, much of the heat is con- 
sumed in breaking hydrogen bonds. Broken hydrogen bonds are a form of 
potential energy (just as two magnets pulled apart are a form of potential 
energy). Much of the heat added to water, therefore, is stored as this poten- 
tial energy. Consequently, less heat is available to increase the kinetic €nergy 
of the water molecules. Since temperature is a measure of kinetic energy, we 
fñnd that as water is heatcd, its temperature rises slowly. By the same token, 
when water is cooled, its temperature drops slowly—as the kinetic energy 
decreases, molecules slow down and more hydrogen bonds are able to re- 
form. Thịis in turn releases heat that helps to maintain the temperaturc. 


Concept Check v 


Hydrogen bonds are not broken as heat is applied to ice (providing the 
ice doesn't melt) or water vapor. Would you therefore expect ice and water 


vapor to have specific heats that are greater or less than that of liquid ' 
water? 


Was this VOUF afISW@F? As Table 8.1 shows, the specific heats of ice and water vapor are about 
half that of liquid water. Only liquid water has a remarkable specific heat. This is because the liquid 
phase is the only phase in which hydrogen bonds are continually breaking and re-formind. 


Global Climates Are Influenced by Water's Hiph Spectfic Heat 


The tendency of liquid water to resist changes In temperature Improves the 
climate in many places. For example, notice the h¡ph latitude of Europe in 
Figure 8.35. If water did not have a hiph speciic heat, the countries of 
Europe would be as cold as the northeastern regions of Canada, for both 


Figure 8.35 

Many ocean currents, shown in blue, 
distribute heat from the warmer 
equatorial regions to the colder 
polar regions. 
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Calculation Corner: How Heat Changes Temperature 


Heo† mus† be opplied †o increose †he †empero†ure of a mo†eridl. Conversely, hea† mus† 
be wi†hdrown from q moteridl in order †o decreose i†s †emperofure. We can colcula†e 
†he amoun† of hea† required for a given †empero†ure change from †he equoTion 


heat = spectic heat X mass 
* temperature change 


We can use this formula for any material pro- 
vided there is no change of phase over the course 
of the temperature change. The value of the tem- 
perature change is obtained by subtracting the 
initial temperature 7; from the ñnal temperature 
Tự: 

Temperature change = ?— 1; 


Example 1 
How much heat is required to increase the tem- 
perature of 1.00 gram ofÏiquid water from an ini- 


tial temperature of 30.0°C to a ñnal temperature 
of 40.0°C? 


Answer 1 

The temperature change is 7; — 7; = 40.0°C — 
30.0°C = +10.0 C°. To ñnd the amount of heat 
needed for this temperature change, multiply this 
positive temperature change by the waterS sp€- 
cific heat and mass: 


heat = (4.184 J/g - C°)(1.00 g)(+ 10.0 C°) 
=¬] 


The temperature decrease that occurs when 
heat is removed from a material is indicated by a 
negative sign, as is shown ¡n the next example. 


Example 2 

A glass containing 10.0 grams of water at an InI- 
tia temperature of 25.0°C is placed in a refriger- 
ator. How much heat does the refrigerator remove 
from the water as the water is brought to a final 
temperature o£ 10.0°C? 


Answer 2 

The temperature change is 72 — 7; = 10.0°C — 
25.0°C = —15.0 C°. To ñnd the heat removed, 
multiply this negative temperature change by the 
waters specifc heat and mass: 


heat = (4.184 J/g : C°)(10.0 g)(—15.0 C°) 
= —628 ] 


Your Turn 

1.A residential water heater raises the tempera- 
ture of 100,000 grams of liquid water (about 
26 gallons) from 25.0°C to 55.0°C. How 
much heat was applied? 


2. How much heat must be extracted from a 10.0- 
gram ice cube (specifc heat = 2.01 ]/g + C°) in 
order to bring its temperature from a chilÏy 
—10.0°C to an even chillier — 30.0°C? 


Europe and Canada get about the same amount of sunlipht per square kilo- 
meter of surface area. An ocean current carrles warm water northeast from 
the Caribbean. The water holds much of its heat long enoupgh to reach the 
North Atlantic off the coast of Europe, where the water then cools. The 
energy released, 4. 184 joules per Celsius degree for each pram of water that - 
cools, is carried by the westerly winds (winds that bÌow west to east) over 
the European continent. 
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The winds in the latitudes of North America are westerly. ©n the western 
coast of the continent, therefore, air moves from the Pacific Ocean to the land. 
Because of waters hiph specific heat, ocean temperatures do not vary much 
from summer to winter. Ín winter, the water warms the air, which 1s then 
blown eastward over the coastal regions. In summer, the water cools the air 
and the coastal regions are cooled. Ôn the eastern coast of the continent, the 
temperature-moderating effects of the Atlantic Ocean are significant, but 
because the winds blow from the west—over land—temperature ranges in the 
cast are much greater than ¡n the west. San Francisco, for example, is warmer 
in winter and cooler in summer than Washington, D.C., which is at about the 
same latitude. 

[slands and peninsulas, because they are more or Ìless surrounded by water, 
do not have the extremes oÝ temperatures observed in the interior oFa continent. 
The hiph summer temperatures and low winter temperatures common in Man- 
Itoba and the Dakotas, for example, are largely due to the absence of large bod- 
les of water. Europeans, islanders, and people living near ocean air currents 


should be glad that water has such a high specifc heat. 


Hands-On Chemistry: Racing Temperatures 


This activity is a qualitative measure of the speciic heat of two common 
kitchen ingredients: rice and salt. 


What You Need 


Uncooked rice, table salt, 1-cup measuring cup, aluminum foil, baking sheet, 
two identical ceramic coffee mugs, thermometer (optional) 


Procedure 


(1) Tear off two pieces of foil,each about half the size of the baking sheet. 
Place them side by side on the baking sheet. 


(@ Measure out 1 cup of rice and pour onto one of the foil sheets. 
Measure out 1 cup of salt and pour onto the other foil sheet. 


@® Heat the rice and salt for 10 minutes in an oven preheated to 
250°C, then pour the rice into one of the mugs and the salt into the 
other. 


 Use a thermometer to note which comes out of the oven at the higher 
temperature and which cools down faster. lf you dont have a ther- 
mometer, leave the heated rice and salt on the aluminum foil and 
judge their cooling rates by cautious touch. 


Which has the higher specific heat? Why does the heated rice adhere to the 
sides of the mug? 
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Energy absorbed 


Energy released 


Figure 8.36 
Energy changes with change of phase. 


Fiqgure 8.37 

A graph showing the heat energy 
involved in converting 1 gram of ice ini- 
tially at —50°C to water vapor. The hori- 
zontal portions of the graph represent 
regions of constant temperature. 


Concept Check v 


Which has a higher specific heat, water or sand? 


. 
4: 


m~—- 


¬^. 


Was this YOUFT anSWef? As suggested by the illustration, the temperature of water increases less 
than the temperature of sand in the same sunlight. Water therefore has the higher specific heat. Those 
who visit the beach frequently know that beach sand quickly turns hot on a sunny day while the water 
remains relatively cool. At night, however, the sand feels quite cool while the waterS temperature feels 
about the same as it was during the day. 


8.6 A Phase Change Requlires 
the Input or Output of Energy 


Any phase change involves the breaking or forming of molecular attrac- 
tions. The changing of a substance from a solid to a liquid to a gas, for 
example, involves the breaking of molecular attractions. Phase changes In 
this direcuon therefore require the input of energy. Conversely, the chang- 
¡ng ofa substance from a gas to a liquid to a solid involves the forming of 
molecular attractions. Phase changes in this direction therefore result in the 
release of energy. Both these directions are summarized In Figure 8.36. 
Consider a 1-gram piece ofice at — 50°C put on a stove to heat. À ther- 
mometer ¡n the container reveals a sÌlow increase In temperature up to 0°C, 
as shown ¡in Eigure 8.37. At 0°C, the temperature stops rising, even though 
heat ¡s still being added, for now all the added heat goes Into melting the 0° 
ice, as indicated ¡n Eigure 8.38. This process of melting l pram of ice 
requires 335 joules. Only when all the ice has melted does the temperature 
begin to rise again. Then for every 4.184 Jjoules absorbed, the water increases 
its temperature by 1 C° until the boiling temperature, 100”, is reached. At 


Evaporation 


100 


Temperature (°C) 


Heat added (J) 
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100°C, the temperature again stops rising even though heat is still being 
added, for now all the added heat is going into evaporating the liquid water 
to water vapor. The water must absorb a stunning 2259 joules of heat to 
evaporate all the liquid water. Finally, when all the liquid water has become 
vapor at 100C, the temperature begins to rise once again and continues to 
rise as long as heat ¡s added. 

When the phase changes are in the opposite direction, the amounts of 
heat energy shown ¡in Figure 8.37 are the amounts ze/¿zse4—2259 Joules 
per gram when water vapor condenses to liquid water and 335 joules per 
gram when liquid water turns to ice, The processes are reversible. 


Concept Check v 


From Figure 8.37, deduce how much energy (in joules) is transferred when 
1 gram of 

a. Wwater vapor at 100°C condenses to liquid water at 100°C. 

b. liquid water at 100°C cools to liquid water at 0°C. 

c. liquid water at 0°C freezes to ice at 0°C, 

d. water vapor at 100°C turns to ice at 0°C. 


Were these your answers? 
a. 2259joules b. 418 joules c. 335 joules 
d. 3012joules (2259 joules + 418 joules + 335 joules) 


The amount of heat energy required to change a solid to a liquid ¡s 
called the heat of melting, and the amount of heat energy released when a 
liquid freezes ¡s called the heat of freezing. Water has a heat of melting of 
+335 joules per gram. The positive sign Indicates that thịs 1s the amount 
of heat energy that must be z2 ứø ice to melt ít. Waters heat of Íreezing 
1s —335 joules per gram. The negative sign indicates that this is the amount 
of heat energy that is 7/Zse from liquid water as It Íreezes—the same 
amounr that was required to meÌt ¡t. 

The amount of heat energy required to change a liquid to a gas is called 
the heat of vaporization. For water, this is +2259 joules per gram. The 
amount of heat energy released when a gas condenses is called the heat of 
condensation. For water, this is —2259 Joules per gram. These values are 
high relative to the heats of vaporization and condensation for most other 
substances. Thịs ¡s due to the relatively strong hydrogen bonds between 
water molecules that must be broken or formed during these processes. 


Concept Check v 


Can you add heat to ice without melting it? 


Was this YO0UF anSW€F? A common misconception is that ice cannot have a temperature lower 
than 0°C. In fact, ice can have any temperature below 0°C, down to absolute zero, ~273°C. Adding heat to 
ice below 0°C raises its temperature, say from —200°C to — 100°C. As long as its temperature stays below 
0°C, the ice does not melt. 


Figure 8.38 

Add heat to melting ice and there is no 
change in temperature.The heat is con- 
sumed in breaking hydrogen bonds. 
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Figure 8.39 Figure 8.40 
Water extinguishes a flame by wetting but also by absorbing Tracy Suchocki walks with wetted bare feet across red-hot 
much of the heat that the fire needs to sustain itself. wood coals without harm. 


Although water vapor at 100°C and liquid water at 100°C have the 
same temperature, cach gram of the vapor contains an additonal 2259 
joules of potential energy because the molecules are relatively far apart from 
one another. As the molecules bind together in the liquid phase, this 2259 
joules per gram is released to the surroundings in the form of heat. In other 
words, the potential energy of the Íar-apart water vapor molecules trans- 
forms to heat as the molecules get closer together. Thịs ¡s like the potenrtial 
energy oŸ two attracting magnets separated from cach other; when released, 
their potential energy ¡s converted first to kinetic energy and then to heat 
as the magnets strike cach other. 

Waters hiph heat of vaporization allows you to ZzZ2#y touch your /- 
¿e4 Rnger to a hot skillet or hot stove without harm. You can even touch It 
a few tìimes in succession 4s /ø 4s J0? ƒingểr rem0s tuết. Thìs 1s because 
enersy that ordinarily would go into burning your ñnger øoes instead Into 
changing the phase of the moisture on your ñnger from liquid to vapor. You 
can judge the hotness of a clothes iron in the same way——with a ý ñnger. 

The frefghters in Fipure 8.39 know that certain types of fames are 
best extinguished with a ñne mist of water rather than a steady stream. The 
ñne mist readily turns to water vapor and in doing so quickly absorbs heat 
energy and cools the burning material. 

Waters híph heat of vaporizatlon makes walking barefooted on red-hot 
coals more comfortable, as shown In Figure 8.40. When your feet are wet, 
either from perspiration or because you are stepping of of wet grass, much 


of the heat from the coals is absorbed by the water and not by your skin. 
(Firewalking also relies on the fact that wood is a poor conductor of heat, 
even when ít ¡s in the form of red-hot coals.) 


In Perspective 


Many of the properties of water we have explored In this chapter at the 
molecular level are nicely summar1zed in the scene shown In Eigure 8.41. 
Eirst, notice that the massive bear ¡s supported by the foating Ice. The ice 
floats because hydrogen bonds hold the H;O molecules in the ice together 
in an open crystalline structure that makes the ¡ce less dense than the liq- 
uid water. Because so much energy is required both to melt ice and to evap- 
orate liquid water, most of the Arctic ¡ice, which builds up primarily from 
snowfall, remains in the solid phase throughout the year. Where the sea- 
water is in contact with the ice, the temperature is lower than 0°C) because 
salts dissolved in the seawater inhibit the formatlon o£ ice crystals and 
thereby lower the freezing point of the seawater. The hiph spectic heat 
capacity of the Arctic ocean beneath the bear moderates the Arctic climate. 
Ít gets cold in the Arctic in winter, yes, but not as cold as it gets in Ântarc- 
tica, where the specific heat of the mile-thick ice ¡s only half as great as that 
of the liquid water that predominates in the Arctic. Covered by ice with its 
mụuch lower specifc heat capacity, Antarctica experiences much greater 
extremnes in temperature than the Arctic. 

The main focus of this chapter was the physical behavior o£ water mol- 
ecules. In the previous chapter, the focus was the physical behavior of 
molecules and ions in general. For the next several chapters, we shiÍt our 
attention to the chemical behavior of molecules and ions, which change 
their fundamental identities as they chemically react with one another. 
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Figure 8.41 
What remarkable properties of water 
can you find in this photograph? 
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Key Terms and Matching Definitions 


IỆ 


2. 


10. 


I1. 


adhesive Íorce 
capillary acton 
cohesive force 

heat of condensation 
heat of Íreezing 
heat of melting 
heat of vaporIzatlon 
menIscus 

specIfc: heat 
sublimation 

surface tension 


An attractive force between two Identical 
molecules. 

An attractive force between molecules:of two 
different substances. 


. The elastic tendency found at the surface of a 


liquid. 


. The curving of the surface ofa liquid at the 


interface between the liquid surface and its 
COntainer. 


. The rising of liquid into a small vertical space 


due to the interplay of cohesive and adhesive 
forces. 


. The process ofa material transforming from a 


solid directly to a gas, without passing through 
the liquid phase. 


. The quantity of heat required to change the 


temperature of 1 gram of a substance by 
1 Celsius degree. 


.- The heat energy absorbed by a substance as it 


transforms from solid to liquid. 


. The heat energy released by a substance as 


It transforms from liquid to solid. 

The heat energy absorbed by a substance as It 
transíorms from liquid to gas. 

The energy released by a substance as It trans- 
forms from gas to liquid. 


Review Questions 


Water Molecules Form an Open Crystalline Structure in lce 


1. What accounts for the fact that ¡ice is less dense 


than water? 


2. What is inside one of the open spaces of an Ice 


crystal? 


3. What happens to ice when great pressure is 


applied to it? 


Freezing and Melting Go On at the Same Time 


4. How is it possible for a substance to melt and 
freeze at the same time? 


5. Nhat is released when a hydrogen bond forms 
between two water molecules? 


6. Why does extracting heat from a mixture oÊ ice 
and liquid water at 0°C increase the rate of ice 
formation? 


7. Why does adding heat to a mixture of ice and 
liquid water at 0°C increase the rate of water 
formation? 


8. Why does water not freeze at 0°C when 
either ions or molecules other than H;© are 
present? 


9. Is the density of near-freezing water, which con- 
tains ice crystals, greater or less than the density 
of liquid water containing no ice crystalsi 


10. When the temperature of 0°C liquid water 1s 
increased slightly, does the water undergo a net 
eXpanslon or a net contraction:? 


11. What happens to the amount of molecular 
motion in water, no matter what its phase, 
when its temperature is increased? 


12. At what temperature do the competing effects 
Of contraction and expansion produce the 
smallest volume for liquid water? 


13. Why does ice form at the surface of a body of 
water Instead o£ at the bottom? 


The Behavior of Liqutd Water Is the Result 
of the Stickiness of Water Molecules 


lá. What ¡s the difference between cohesive Íorces 
and adhesive forces? 


15. In what đirection 1s a water molecule on the 
surface not pulled? 


16. Why do liquids in which the molecular inter- 
actlons are strong have greater surÍace tension 
than those in which the molecular interactlons 
are weak? 


17. Does liquid water rise hipher in a narrow tube 
or a wide tube? 


18. WVhat determines the height that liquid water 
rises by capillary action? 


Water Molecules Move Freely Between 
the Liquid and Gaseous Phases 


19. Do all the molecules in a liquid have about the 
same speed? 


20. Why is evaporation a cooling process? What 
does evaporation cool? 


21. What phases are involved in sublimation? 


22. Why is condensation a warming process? What 
does condensation warm? 


23. Why is a burn from water vapor at 100°C more 
damaging than a burn from liquid water at the 
same temperature? 


24. Why do we feel uncomfortably warm on a hot, 
humid day? 


25. Is it the pressure on the food or the higher 
temperature that cooks food faster in a pressure 
cooker? 


26. What condition permits liquid water to boil at a 
temperature below 100°C? 


lt Takes a Lot of Energy to Change 
the Temperature of Liquid Water 


27. Why does liquid water have such a high specific 
heat? 


28. Is it easy or difficult to change the temperature 
of a substance that has a low specifc heat? 


29. Does a substance that heats up quickly have a 
híph or a low specific heat? 


30. How does the specific heat of liquid water 
compare with the specific heats of other 
common materlals? 


31. Northeastern Canada and much of Europe 
receive about the same amounrt o£ sunlight 
per unit of surface area. Why then ¡s Europe 
generally warmer in winter? 


32. Why ¡s the temperature fairly constant on 
islands and peninsulas? 


A Phase Change Requires the Input or Output of Energy 


33. When liquid water freezes, ¡s heat released 
to the surroundings or absorbed from the 
surroundings? 
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34. Why doesnt the temperature of melting ¡ce rise 
as the ¡ce ¡s heated)? 


35. How much heat is needed to melt Í gram of 
Ice? Give your answer ¡In joules. 


36. Is the food compartment in a refrigerator cooled 
by evaporation or condensation of the refriger- 
ating coolant? 


37. Why 1s ít Immportant that your ñnger be wet 
when you touch ¡it briefy to a hot clothes 
Iron? 


38. Why does it take so much more energy to boil 
10 grams of liquid water than to melt 1Ö grams 
Of Ice? 


Hands-On Chemistry Insights 
A Slice of lce 


Liqud water normally contains an appreciable 
amounrt of dissolved air. As the water Íreezes, this air 
comes out of solutton and forms bubbles that can 
make the ice cloudy. Interestingly, liquid water In an 
Ice tray begins to freeze along the perimeter of cach 
cube. The dissolved gases are thus pushed inward 
toward the center of each cube, where Íreezing occurs 
last. This is why an ¡ce cube is typically clear on Its 
perimeter and cloudy ¡in the middle. Water that has 
just been boiled contains only small amounts of dis- 
solved air, which 1s why it can be used to create fairÌy 
clear Ice cubes. 

Ít§s Interesting to consider this activity in lipht of 
Section 8.6. Note that changes in phase are occurring 
as the Ice melts below the wire and as the liquid water 
refreezes above. When the liquid water Immediately 
above the wire refreezes, the water ØIves up energy. 
How much? Enough to melt an equal amount of ice 
immediately under the wire. This energy must be 
conducted through the wire. Hence this demonstra- 
tion requires that the wire be an excellent conductor 
of heat. String 1s a poor conductor of heat, which is 
why it does not work as a substitute for metal wire. 

Ice skaters know that the sharper their blades, the 
easier it is for them to glide. A sharper blade has a 
smaller surface area in contact with the ice and ¡s thus 
able to apply a greater pressure. Similarly, a thin wire 
¡s able to slice through a block of ice more quickly 
than a thick wire. A thin wire, however, Is also weaker 
and so mipht not be able to hold the anchoring 
weights without breaking. 
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Racing Temperatures 


The first piece of evidence that the salt has a lower 
specifc heat ¡s that ¡t has a hipher temperature when 
you take your samples out of the oven. The second 
piece of evidence ¡s that, despite this initially hipher 
temperature, the salt cools faster than the rice. Cne 
reason rice has the higher specifc heat is that each 
grain contains a fair anount of moisture. hen you 
heat the rice, much of this moisture is released. Mois- 
ture continues to be released even after you take the 
rice out of the oven, which ¡s why the grains adhere 
to the mug. 

Some people exploit rices ability to absorb mois- 
ture by placing grains of rice in their salt shakers. The 
rice absorbs any moisture that would otherwise cause 
the salt crystals to clump together. Most commercial 
salt contains water-absorbing silicates that achieve the 
same result. You can see these silicates as yOU try tO 
dissolve commercial saÌt in water—the cloudiness you 
see is not from the salt but from the insoluble silicates. 

You can put the high specifc heat of rice to prac- 
tical use, either keeping warm on cold evenings or 
soothing painful cramps. FHl a clean sock three-quar- 
ters full with rice. Tie the open end closed with a 
string (dont use metal wirel) and cook in a microwave 
for a couple of minutes. (Dont use a conventional 
oven!!) The moisture In the grains becomes apparent 
when you take the sock out of the oven——the released 
moisture has made the sock slightly damp. rap the 
sock around your neck for instant gratiiication. Need 
a neck cooler? Store the rice-flled sock ¡n the Íreezer. 
The moisture in the rice stays cold for a long time. 
These devices make great homemade gifts when a 
fancy fabric ¡s used in place of the sock and a mild 
fragrance ¡s added. 


ExerCISeS 


1. Like water, hydrogen Huoride, HE, and ammo- 
nia, NHạ, have relatively hiph boiling points. 
Explain. 


2. lce Ñoats in room-temperature water, but does It 
Roat in boiling water? Why or why not? 


3. Ás an ice cube Ẩoating in a glass of water melts, 
what happens to the water level? 


4. How does the combined volume of the billions 
and billions of hexagonal open spaces ¡n the 
Crystals in a piece of ice compare with the por- 
tion of the ice that fẨoats above the water line? 


lÚ 


lÌ. 


lối 


lồi 


14. 


. Why is it important to protect Water pIpes In 


your home from fÍreezing? 


. What happens to the freezing temperature of 


a solution of table saÌt in water as the solution 
becomes more concentrated? 


. Why does adding heat to an Icewater mixture 


decrease the rate of Ice formation? 


. Suppose liquid water is used in a thermometer 


instead of mercury. [Ý the temperature is initially 
4°C and then changes, why cant the thermome- 
ter indicate whether the temperature ¡s rising or 
falling? 


. Wlhich graph most accurately represents the den- 


sity of liquid water pÏotted against temperature: 


Density 


0b 4 0 4 
Temperature (°C) 


Temperature (°C) 


| ø 
= h > 
Am. ` E 
q) ! q) 
lmì Ũ le) 
0 4 
Temperature (°C) Temperature (°C) 
(c) (d) 


[£ cooling occurred at the bottom ofa pond 
instead of at the surface, would a lake freeze 
from the bottom up? Explain. 


Unlike fresh water, ocean water contracts as 
It cools to 1ts freezing point, which is about 


—18°C. Why: 


The polar ice cap that rests over the Arctic 
Ocean gets thicker during the winter. Does it 
grow from above or below? Explain. 


Consider a lake in which the water is uniformly 
10°C. What happens to the oxygen-rich surface 
water as It cools to 4°C? hat concurrently 
happens to the nutrient-rich deeper water? 


Why are polar oceans far more fertile in 
autuưmn? 


"5. 


16. 


lợi, 


18. 


“Ú. 


2/18 


2. 


So. 


24. 
5. 


I9, 


L7. 


Nutrient-rich water tends to be murky. Why 
does tropical water tend to be so clear? 


Capillary action causes water to climb up the 
Internal walls of narrow glass tubes. Why does 
the water not climb as hiph when the glass tube 
1s wider? 


Mercury forms a convex meniscus with gÌass 
rather than the concave meniscus shown in 
Figure 8.18. hat does this tell you about the 
cohesive forces between mercury atoms versus 
the adhesive forces between mercury atoms 
and glass? Which Íorces are stronger? 


Concave meniscus 


Convex meniscus 


Can a glass be filled to above its brim with 
water without the water spilling over the edge? 
Try it and see. Explain your observations. 


.- Would you expect the surface tension of water 


to Increase or decrease with temperature? 
Defend your answer. 


Dịp a paper clip into water and then slowly pull 
it upward to the point where it is nearÌy free 
from the surface. You ll ñnd that for a short dis- 
tance, the water is broupht up with the metal. 
Are these adhesive or cohesive forces at work? 


Why does water bead on a freshly waxed surface: 


NWater coming out of volcanic sea vents at the 
bottom of the ocean can reach temperatures in 


excess of 300°C without boiling. Explain. 


You can determine wind direction by wetting 
your ñnger and holding ¡t up in the air. Explain. 


Why does blowing over hot soup cool the soup? 


Why does wetting a cloth in a bucket of cold 
water and then wrapping the wet cloth around a 
bottle produce a cooler bottle than placing the 
bottle directly in the bucket of cold water? 


Could you cook an egg In water boiling in a 
vacuum? Explain. 


An inventor friend proposes a design of cook- 
ware that will allow water to boiÏ at a tempera- 


200), 
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36. 
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ture lower than 100°C so that food can be 
cooked with less energy. Comment on this 
Idea. 


Nhat is the gas inside a bubble o£ boiling 


water? 


Your instructor hands you a closed Ñask pardy 
Rñlled with room-temperature water. hen you 
hold ít, the heat from your bare hands causes 
the water to boil. Quite mpressivel How ïs thịs 
accomplished) 


As an evaporating liquid cools, does something 
else get warm? If so, what? 


A lid on a cooking pot filled with water short- 
ens both the time ¡t takes the water to come to 
a boil and the time the food takes to cook In 
the boiling water. Explain what 1s going on In 
cach case. 


Ifliquid water had a lower specIlc heat, would 
ponds be more likely to freeze or less likely to 
freeze? 


Should the specific heat of your automobileSs 
radiator liquid be as híph as possible or as low 
as possible? Explain. 


ÑWould fevers run hipher or lower !£ liquid 
waterS specIic heat were not so high? 


Bermuda ¡s close to North Carolina, but unlike 
North Carolina ït has a tropical climate year 


round. Why? 


I[f the winds at the latitude of San Francisco and 
\Washington, D.C., were from the east rather 
than from the west, why might San Francisco 
be able to grow cherry trees and ÑWashington, 
ID D0101 LEccs: 


To impart a hickory favor to a roasted turkey, 
a cook places a pot of water containing hickory 
chips In the oven with the turkey. hy does 
the turkey take longer than expected to 

cook? 


NWhy is ít that in cold winters a large tub of 
liquid water placed in a farmers canning cellar 
helps prevent canned food from freezing: 


A great deal of heat ¡s released when liquid 
water freezes. W hy doesnt this heat simply 
remelt the ice? 


270 Chapter8 Those Incredible Water Molecules 


40. Suppose 4 grams of liquid water at 100” ¡s 


spread over a large surface so that Ì gram evapo- 
rates rapidly. IÝ evaporation of the 1 gram takes 
2259 joules from the remaining 3 grams of water 
and no other heat transfer takes pÏace, what are 
the temperature and phase of the remaining 

3 grams once the l gram is evaporated? 


Problems 


1: 


A walnut stuck to a pin ¡s burned beneath a can 
containing 100.0 grams of water at 21°C, After 
the walnut has completely burned, the waterS 
ñnal temperature is 28°C. How much heat 
energy came from the burning walnut? 


How much heat is required to raise the temper- 
ature of 100,000 grams of iron by 30 C°? 


By how mụuch will the temperature of 5.0 grams 
of liquid water increase upon the addition of 
230 joules of heat? 


Ânswers to Calculation Corner 


How Heat Changes Temperature 


1. The temperature change Is ñnal temperature 


H1101119 1711114i LCỉmIDDCTAEUT€: 33.Ú C — 22.0 = 
+30.0 C°. Multiply this positive temperature 
change by the waters specific heat and mass: 


heat = (4.184 J/g : C°)(100,000 g)(+30.0 C°) 
= 12,552,000 J 


Thịs large number helps to explain how an elec- 
tric water heater consumes about 25 percent of 
all household electricity. Wich the proper number 
of signiicant ñgures (sec Appendix B), this 
answer should be expressed as 10,000,000 Joules. 


2. The temperature change is —30.0°C — 


(—10.0°C) = —20.0 C°. Muluply this negative 
temperature change by the ices specific heat and 
mass: 


heat = (2.01 J/g - C°)(10.0 g)(—20.0 C°) 
=—=402] 

The next time youTe near a refriperator/Íreezer, 

place your hand near its back, and yoưÏÏ feel 


the heat that has been extracted from the food 
inside. 


Exploring Further 


http://madsci.wustl.edu/posts/archives/mar97/852921998. 
As.r.html 


A discussion about the recent discovery of ice 
on the moon$ south pole, with an explanation 
of how the ice can persist despite the absence of 
an atmosphere. See also http://www.nrl.navy.mil/ 
clementine. 


http://seawifs.gsíc.nasa.gov/OCEAN_PLANET/HTML/ 
oceanography_ recently_ revealed1.html 


Volcanic vents at the bottom of the ocean spew 
Out Water at temperatures ¡n excess o£ 300°C.. 
In 1977, geologists exploring these vents dis- 
covered odd-looking animals surviving on the 
sunless sea Roor. 


Those Incredible Water Molecules 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 


An Overview 
of Chemical 
Reactions 


———NIitrogen 
monoxide 


How Reactants React to Form Products 


——NIitric acid Nitrous 
acid 
The heat of a lightning bolt causes many chemical reactions in the 
atmosphere, including one in which nitrogen and oxygen react to form 
nitrogen monoxide, NO. The nitrogen monoxide formed in this manner 
then reacts with atmospheric oxygen and water vapor to form nitric 
acid, HNOs, and nitrous acid, HNO¿. These acids are carried by rain 
into the ground, where they form ions, which plants need for 
growth—a process that involves further chemical reactions. ‹h 

Scientists have learned how to control chemical reactions to 
produce many useful materials—nitrates and other nitrogen-based fertilizers 
from atmospheric nitrogen, metals from rocks, plastics and pharmaceuticals 
fom petroleum. These materials and the thousands of others produced by 
chemical reactions, as well as the abundant energy released when fossil fuels 
take part in the chemical reaction called combustion, have dramatically 
improved our living conditions. 

The goal of this chapter is to give you a stronger handle on the basics of 
chemical reactions, which were introduced in Chapter 2. Then in the follow- 
¡ng chapters we'†ll look at specific classes of chemical reactions, such as acid- 
base reactions, oxidation-reduction reactions, and reactions  involving 
organic chemicals. 
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Tỉ _____—_—_—_—_——————————————————— 


91 Chemical Reactions Are Represented 
by Chemical Equations 


During a chemical reaction, one or more new compounds are formed as a 
result of the rearrangement o£ atoms. To represent a chemical reaction, we 
can write a chemical equation, which shows the substances about to react, 
called reactants, to the left of an arrow that points to the newly formed 
substances, called products: 


reactants —> products 


Typically, reactants and products are represented by their atomic or molec- 
ular formulas, bụt molecular structures or simple names may be used instead. 
Phases are also often shown: (s) for solid, (€) for liquid, and (g) for gas. Com- 
pounds dissolved in water are designated (aq) for aqueous. Lastly, numbers are 
placed in front of the reactants or products to show the ratio in which they 
either combine or form. These numbers are called coefficients, and they rep- 
resent numbers of individual atoms and molecules. For Instance, to represent 
the chemical reaction in which coal (solid carbon) burns ¡n the presence of 
oxygen to form gaseous carbon dioxide, we write the chemical equatlon 


1 ® x nh | O›s(g) ¬— CO;(ø) (balanced) 


Reactants Products 


One of the most important principles of chemistry 1s the Z0 Øƒ`72455 
co#seruafzon, which states that matter 1s neither created nor destroyed dur- 
¡ng a chemical reaction (Sectton 3.2). [he atoms present at the beginning 
Of a reaction merely rearrange to form new molecules. Phis means that no 
atoms are Ìlost or gained during any reaction. The chemical equation must 
therefore be 2z/zc¿Z, which means each atom shown in the equation must 
appear on both sides of the arrow the same number of times. The preced- 
¡ng equation for the formation of carbon dioxide is balanced because each 
side shows one carbon atom and two oxygen atoms. You can count the 
number of atoms In the space-flling models to see this for yourself. 

In another chemical reaction, two hydrogen gas molecules, H, react 
with one oxygen gas molecule, ›, to produce two molecules of water, 


HO, in the gaseous phase: 


7® ®ẹ 


2111001: 166) — H;O@) (balanced) 


Thịs equation for the formation of water 1s also balanced——there are four 
hydrogen and two oxygen atoms before and after the arrow. 

A coefficlent in front ofa chemical formula tells us the number of times 
that element or compound must be counted. For example, 2 HO indicates 


9.1 Chemical Reactions Are Represented by Chemical Equations 


two water molecules, which contain a total offour hydrogen atoms and two 
OXygen atoms. 


By convention, the coefficient 1 ¡is omitted so that the above chemical 
equations are typicalÌy written 


C@) + O;(g) —> CO¿(g) (balanced) 
2 H;(g) + O;œ) —> 2 H;Of@g) (balanced) 


Concept Check v 


How many oxygen atoms are indicated by the balanced equation 


30¿(g) —> 20¿;(Q) 


Was this YOUFT ânSW€Y? six. Before the reaction these six oxygen atoms are found in three O; 
molecules. After the reaction these same six atoms are found in two Os molecules. 


An unbalanced chemical equation shows the reactants and products 
without the correct coefficients. For example, the equation 


NO@) —> N;O@) + NO;@) (not balanced) 


is not balanced because there ¡s one nitrogen atom and one oxygen atom 
before the arrow but three nitrogen atoms and three oxygen atoms after the 
ATTOW. 

You can balance unbalanced cquations by adding or changing coefli- 
cients to produce correct ratios. ([tš important 0£ £0 cÙøge subscr?pfs, 
however, because to do so changes the compound$ identity——H2© 1s water, 
but HO; ¡s hydrogen peroxide) For example, to balance the above cqua- 
tion, add a 3 before the NO: 


3NO() —> N;O() + NO;@) (balanced) 


Now there are three nitrogen atoms and three oxygen atoms on each side 
of the arrow, and the law of mass conservation is not violated. 


Concept Check v 


Write a balanced equation for the reaction showing hydrogen gas and 
nitrogen gas forming ammonia gas: 
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Was this your answer? 


= PR 6 è 


3Hj(g) + Nạg) ———> 2NH;(g) 


You can see that there are equal numbers of each kind of atom before and after the arrow. For more 
practice balancing equations, see the Exercises at the end of this chapter. 


Practicing chemists develop a skill for balancing equatlons. This skill 
involves creative enerey and, like other skils, improves with experience. 
'There are some useful tricks of the trade for balancing equations, and maybe 
your instructor will share some with you. More important than being an 
expert at balancing equations, however, is knowing why they need to be bal- 
anced. And the reason ¡s the law of mass conservation, which tells us that 
atoms are neither created nor destroyed in a chemical reacton—they are 
simplÌy rearranged. So every atom present before the reaction must be pres- 
ent after the reaction, even thouph the groupings of atoms are different. 


to Count Atoms and Molecules 


In any chemical reaction, a speciic number of reactant atoms or molecules 
react to form a specic number of product atoms or molecules. For exam- 
ple, when carbon and oxygen combine to form carbon dioxide, they always 
combine in the ratio oFone carbon atom to one oxygen molecule. A chemist 
who wants to carry out this reaction in the laboratory would be wasting 
chemicals and money ¡f she were to combine, say, four carbon atoms for 
cvcry one oxypen molecule. The excess carbon atoms would have no oxygen 
molecules to react with and would remain unchanged. 

How 1s ít possible to measure out a specilc number of atoms or mole- 
cules? Rather than counting these particles individually, chemists can use a 
scale that measures the mass ofbulk quantities. Because different atoms and 
molecules have different masses, however, a chemist cant simply measure 
out equal masses of cach. Say, for example, he needs the same number of 
carbon atoms as oxygen molecules: Measuring equal masses of the two 
materials would not provide equal numbers. 

You know that I kilogram of Ping-Pong balls contains more balls than 
I kilogram of golf balls, as Figure 9.1 illustrates. Likewise, because differ- 
ent atoms and molecules have different masses, there are different numbers 
of them in a l-pram sample of each. Because carbon atoms are less massive 
than oxygen molecules, there are more carbon atoms in 1 gram of carbon 
than there are oxygen molecules in l gram of oxygen. So, clearly, equal 
masses of these two particles do not yield equal numbers of carbon atoms 
and oxygen molecules. 

If we know the z£/2//ue 74ssés of different materials, we can measure 
cqual numbers. Golf balls, for example, are about 20 times more massive 
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Figure 9.1 

The number of balls in a given mass of 
Ping-Pong balls is very different from 
the number of balls in the same mass 
Equal masses of golf balls. 


than Ping-Pong balls, which ¡s to say the relative mass of Ping-Pong balls 
to golf balls is 20 to 1. Measuring out 20 times as mụch mass of golf balls 
as Ping-Pong balls, therefore, gives equal numbers of each, as is shown in 


Fï5ure 9.2. 


. 
" 2 
Q- -„ÿ 


The mass of one Ping-Pong The mass of one golf 
ball is 2 grams. ball is 40 grams. 


A Ping-Pong ball is 2/4o, or 1/0, 
as massive as a golf ball. 


Number of Number of 


lễ Ping-Pongballs ”= golfballs N 


Figure 9.2 
The number of golf balls in 200 grams of golf balls equals the number 
of Ping-Pong balls in 10 grams of Ping-Pong balls. 


Concept Check v 


A customer wants to buy a 1:1 mixture of blue and red jelly beans. Each 
blue bean is twice as massive as each red bean. lf the clerk measures out 
5 pounds of red beans, how many pounds of blue beans must she meas- 
ure out? : 


Was this 0u anSW€FY? Because each blue jelly bean has twice the mass of each red one, the 
clerk needs to measure out twice as much mass of blues in order to have the same count, which means 
10 pounds of blues. lf the clerk did not know that the blue beans Were twice as massive as the red ones, 
she would not know what mass of blues was needed for the 1:1 ratio. Likewise, a chemist would be at 
a loss in setting up a chemical reaction if she did not know the relative masses of the reactants. 
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Atomic mass of O = 15.999 amu 


Atomic mass of O = 15.999 amu 


Formula mass of O; ~ 32 amu 


The periodic table tells us the relative masses of carbon and molecular 
oxygen; therefore, we can measure out equal numbers oŸ their fundamen- 
tai particles—=atoms for carbon and molecules for oxygen. Figure 9.3 illus- 
trates this concept. The atomic mass of carbon ¡s 12.011 atomic mass 
units. (As discussed in Section 3.6, l 20c 7 2 (amu) = 1.661 X 
10”? gram.) The formula mass of a substance is the sum of the atomic 
masses of the elements in is chemical formula. Therefore, the formula 
mass of an oxygen molecule, Ó¿, is 15.999 atomic mass units + 15.999 
atomic mass units = 32 atomic mass units. A carbon atom, therefore, is 
about 12/32 = 3/8 as massive as an oxygen molecule. lo measure out 
cqual numbers of carbon atoms and oxygen molecules, we measure out 
only three-eighths as much carbon. If we started with 8 grams of oxygen, 
we need 3 grams of carbon to have the same number of particles (because 
3 is three-eiphths of 8). Alternatively, iŸ we started with 32 grams of oxy- 
gen, we need 12 grams of carbon to have the same number of particles 
(because 12 is three-eiphths of 32). 
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The mass of one 
carbon atom is 


approximately 
12 amu. 


The mass of one 
oxygen molecule is 
approximately 32 amu. 


A carbon atom is 12/52, or 3/8, as 
massive as an oxygen molecule. 


Numberof_ =_ Number of 
carbon atoms_ oxygen molecules 3 


L8 


Figure 9.3 
To have equal numbers of carbon atoms and oxygen molecules requires measuring out three- 
eighths as much carbon as oxygen. 
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Concept Check v 


1. Reacting 3 grams of carbon, C, with 8 grams of molecular Oxygen, O;, 
results in 11 grams of carbon dioxide, CO;. Does it follow that 1.5 grams 
of carbon will react with 4 grams of oxygen to form 5.5 grams of carbon 
dioxide? 

2. Would reacting 5 grams of carbon with 8 grams of oxygen also result in 
11 grams of carbon dioxide? 


re these your answers? 


The quantities are only half as much, but their ratio is the same as when 11 grams of carbon dioxide 
is formed: 1.5:4:5.5 = 3:8:11. 


2. ltis acommon error of many students to think that no reaction will occur if the proper ratios of reac- 
tants are not provided. You should understand, however, that in a 5-gram sample of carbon, 
3 grams of carbon is available for reacting. This 3 grams will react with the 8 grams of oxygen to form 
11 grams of carbon dioxide. There will be 2 grams of carbon unreacted after the reaction. Reacting this 
remaining 2 grams of carbon would require more oxygen. 


The Periodic Table Helps Us Convert Between Grams and Moles 


Atoms and molecules react in speciflc ratios. In the laboratory, however, 
chemists work with bulk quantitiles of materials, which are measured by 
mass. Chemists therefore need to know the relatlonship between the mass 
of a given sample and the number of atoms or molecules contained ¡n that 
mass. [he key to this relatlonship is the 7ø Recall from Sectlon 7.2 
that the mole ¡s a unit equal to 6.02 < 102. This number ¡s known as 
Avogadros number, ¡in honor of Amadeo Avogadro (Section 3.3). 

As Figure 9.4 illustrates, i you express the numeric value of the atomic 
mass of any element ¡n grams, the number of atoms in a sample of the 


22.990 g 207.2g 4.0039 
6.02 x 10? atoms, 6.02 x 102 atoms, 6.02 X 10 atoms, 
which is 1 mole which is 1 mole which is 1 mole 


Figure 9.4 

Express the numeric value of the 
atomic mass of any element in 
grams, and that many grams contains 
6.02 x 102 atoms. 
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element having this mass is always 6.02 < 1073, which is 1 mole. For exam- 
ple, a 22.990-gram sample of sodium metal, Na (atomic mass 22.220 
atomic mass units), contains 6.02 X 1022 sodium atoms, and a 207.2-gram 
sample of lead, Pb (atomic mass = 207.2 atomic mass unIts), contains 
6.02 x 1023 lead atoms. 

The same concept holds for compounds. Express the numeric value 
of the formula mass oŸany compound in grams, and a sample having that 
mass contains 6.02 X 1023 molecules of that compound. For example, 
there are 6.02 X 1023 O; molecules in 31.998 grams of molecular oxy- 
gen, O; (formula mass 31.998 atomic mass units), and 6.02 < 103 COz 
molecules in 44.009 grams of carbon dioxide, CO; (formula mass 44.009 
atomic mass units). 

An explanation of this amazing relationship is beyond the scope of this 
book but well within the range of questions you mipht ask your instructor. 


Concept Check v 


1. How many atoms are there in a 6.941-gram sample of lithium, Lí (atomic 
mass 6.941 atomic mass units)? 

2.How many molecules are there in an 18.015-gram sample of water, H;O 
(formula mass 18.015 atomic mass units)? 


Were these your answers? 

1. Because this number of grams of lithium is numerically equal to the atomic mass, there are 
6.02 X 1023 atoms in the sample, which is 1 mole of lithium atoms. 

2. Because this number of grams of water is numerically equal to the formula mass, there are 
6.02 x 1023 water molecules in the sample, which is 1 mole of water molecules. 


The molar mass of any substance, be it element or compound, ïs 
defined as the mass of 1 mole of the substance. Thus the units of molar 
mass are grams per mole. For instance, the atomic mass of carbon ¡is 12.011 
atomic mass units, which means that l1 mole of carbon has a mass of 12.011 
grams, and we say that the molar mass of carbon is 12.011 grams per mole. 
The molar mass of molecular oxygen (O›, formula mass 31.998 atomic 
mass units) 1s 31.998 grams per mole. For convenience, values such as these 
are often rounded off to the nearest whole number. The molar mass OÝ car- 
bon, therefore, might also be presented as 12 grams per mole, and that of 
molecular oxygen as 32 grams per mole. 


Concept Check v 


What is the molar mass of water (formula mass = 18 atomic mass units)? 


Was this VOUF AfISW€T? From the formula mass, you know that 1 mole of water has a mass of ' 
18 grams. Therefore the molar mass is 18 grams per mole, 


Because I mole ofany substance always contains 6.02 X 1023 particles, 
the mole ¡s an ideal unit for chemical reactions. For example, 1 mole of 


9.3. Reaction Rate Is Influenced by Concentration and Temperature 


carbon (12 grams) reacts with 1 mole of molecular oxygen (32 srams) to 
give l1 mole of carbon dioxide (44 gram$). 

Ín many instances, the ratio ¡in which chemicals react is not l:]. As 
shown in Eigure 9.5, for example, 2 moles (4 grams) of molecular hydro- 
gen react with 1 mole (32 grams) of molecular oxygen to give 2 moles (36 
giams) of water. Note how the coefficients of the balanced chemical equa- 
tion can be conveniently interpreted as the number of moles of reactants or 
products. A chemist therefore need only convert these numbers of moles to 
grams in order to know how mụuch mass of each reactant he or she should 
measure out to have the proper proportions. 


2 H; s= T1 O; —= 2) HO 
2 moles I mole 2 moles 
which is wWhich is which is 
4 prams 32 grams 36 grams 
which is which is Which ¡s 


12.04 X 1022molecules 6.02 X 1022molecules 12.04 X 1022 molecules 


Cooking and chemistry are similar in that both require measuring 
Iingredients. Just as a cook looks to a recipe to ñnd the necessary quantities 
measured by the cup or the tablespoon, a chemist looks to the periodic 
table to ñnd the necessary quantities measured by the number of grams per 
mole for cach element or compound. 


Concentration and Temperature 


A balanced chemical equation helps us determine the amount of products 
that might be formed from given amounts oÊ reactants. The equation, how- 
ever, tells us litte about what is taking place on the submicroscopic level 
during the reaction. In this and the following section, we explore that level 
to show how the 7£ of a reaction can be changcd either by changing the 
concentration or temperature of the reactants or by adding what 1s known 
as a c2/2Ùut. 

Some chemical reacuons, such as the rusting of iron, are slow, while 
others, such as the burning of gasoline, are fast. The speed of any reaction 
is indicated by its reaction rate, which ¡s an indicator of how quickly the 
reactants transform to products. Ás shown ín Figure 9.6 on page 280, Ini- 
tially a fask may contain only reactant molecules. ver time, these reac- 
tants form product molecules, and as a result, the concentration oŸ product 
molecules increases. The reaction rate, therefore, can be defined either as 
how quickly the concentration oŸ produects increases or as how quickly the 
concentration of reactants decreases. 
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Two moles of H; react with 1 mole 
of Ó; to give 2 moles of H;O. This is 
the same as saying 4 grams of H; 
reacts with 32 grams of O; to give 
36 grams of H;O or, equivalently, that 
12.04 x 1023 H; molecules react with 
6.02 x 1023 O; molecules to give 
12.04 x 1023 HO molecules. 
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Low concentration 
of products, high 
concentration 

Of reactants 


Time 
, L3 , L) 
High concentration 
đà ê w è of products, low 
_—_ concentration 
Reactants Products of reactants 


Figure 9.6 
Over time, the reactants in thỉs reaction flask may transform to products. lf this happens quickly, 
the reaction rate is high. lf this happens slowly, the reaction rate is low. 


What determines the rate of a chemical reacton? The answer is com- 
plex, but one Important factor ¡s that reactant molecules must physicalÌy 
come together. Because molecules move rapidly, this physical contact 1s 
appropriately described as a collision. Ñe can illustrate the relationship 
between molecular collisions and reaction rate by considering the reactlon 
Of gaseous nitrogen and gaseous oxygen to Íorm gaseous nitrogen monox- 
ide as shown in Eigure 9.7. 

Because reactant molecules must collide in order for a reaction to oCCur, 
the rate of a reaction can be Increased by Increasing the number of colli- 
sions. An effective way to Increase the number of collisions 1s to increase the 


“@ 


@£ | 
\ 


Reactants... 


œ3 Nitrogen,N› w Oxygen,O; 


...COming ...feact upon ...resulting in the 
together.... colliding,... formation of product. 
N/j) Nitrogen monoxide,NO 
Figure 9.7 


During a reaction, reactant molecules collide with each other. 
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WWhat mass of water is pro- 
duced when l6 grams of 
methane, CHÍ (formula mass 
1Ố atomic mass units), burns ¡n the 
T€action 


“5 - 6,121 


Step 1. Convert the given mass to moles: 


Conversion factor 


1 mole CH„ 


(16 gCH, Tung D©)=1meleCH, 


Step 2. se the coefficients of the balanced equa- 
tion to fnd out how many moles of HO 
are produced from this many moles of 


th 


Conversion factor 


2 moles H;O 
(1 '—=—-.._ Ì=2molesE:O 
me CHỈ | | 5 


Step 3. Now that you know how many moles of 
H;O are produced, convert this value to 


grams of HO: 


Conversion factor 


18 g H,O 
CT] | mkÃ- se “VI, ˆ m9, 
G2 moles H.O | Luố 


Calculation Corner: Figuring Masses of Reactants and Products 


' Vsing conversion fac†fors (Secfion l3) and the relefionship be†ween qroms and moles, 
Sở yOu con perform some very high-powered colculo†ions. 


Thịs method of converting fom grams to 
moles (step 1), then from moles to moles (step 2), 
and then from moles to grams (step 3) is an 
important aspect of what Is called s/ø/c7øzery— 
the science of calculating the amount of reactants 
or products in any chemical reaction. Ít is a 
method that ¡s developed much further ¡n general 
chemistry courses. For this course, alÏ you need to 
do is be familiar with what stoichiometry ¡s all 
about, which ¡s keeping tabs on atoms and mole- 
cuÌes as they react to form products. Nonetheless, 
for a special assignment, you mipht try your ana- 
lytical thinking skills on the following problems. 
First try to deduce the answer based on what you 
know about the law of mass conservation, and 
then follow the steps given here to check your 
answers. 


Your Turn 
1. How many grams of ozone (Ô¿, 48 amu) can 
be produced from 6á grams of oxygen (O+, 


32 amu) ¡in the reaction 
3 O; =. ) Oa 


2. What mass of nitrogen monoxide (NO, 30 
amu) ¡s formed when 28 grams of nitrogen 
(N¿., 28 amu) reacts with 32 grams of oxygen 
(O2, 32 amu) ¡n the reaction 


concentration of the reactants. Figure 9.8 on page 282 shows that, with 
higher concentrations, there are more molecules in a given volume, which 
makes collisions between molecules more probable. As an analogy, consider 
a bunch of people on a dance foor—as the number of people Increases, sO 
does the rate at which they bump ¡nto one another. Ân increase in the con- 
centration of nitrogen and oxygen molecules, therefore, leads to a greater 
number of collisions between these molecules and hence a greater number 
of nitrogen monoxide molecules formed in a given period of tỉme. 
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Figure 9.8 

The more concentrated a sample of 
nitrogen and oxygen, the greater 
the likelihood that N; and O; mole- 
cules will collide and form nitrogen 
monoxide. 


© Ä 


Less concentrated More concentrated 


Not all collisions between reactant molecules lead to products, however, 
because the molecules must collide in a certain orientation In order to react. 
Nitrogen and oxygen, for example, are much more likely to form nitrogen 
monoxide when the molecules collide in the parallel orientation shown ¡in Eig- 
ure 9.7, When they collide in the perpendicular orientation shown in Figure 
9.9, nirogen monoxide does not form. For larger molecules, which can have 
numerous orientations, this orientation requirement Is even mOr€ r€StrICtIV€. 


Reactants coming 
together... 


3 Nitrogen,N› v3 Oxygen,O, 


...in the wrong ... may collide lnstead, the reactants 
orientation.... with no reaction. merely bounce off 
each other. 
Figure 9.9 


The orientation of reactant molecules in a collision can determine whether or not a reaction 
takes place. A perpendicular collision between N; and O› does not tend to result in formation 
of a product molecule. 


A second reason not all collisions lead to product formation is that the 
reactant molecules must also collide with enough kinetic energy to break 
their bonds. Only then is it possible for the atoms in the reactant molecules 
to change bonding partners and form product molecules. The bonds in Ns 
and Ö›; molecules, for example, are quite strong. In order for these bonds 
to be broken, collisions between the molecules must contain enough energy 
to break the bonds. Äs a result, collisions between slow-moving N› and Ös 
molecules, even those that collide in the proper orientation, may not form 
NO, as ïs shown ín Eigure 9.10. 

The higher the temperature ofa material, the faster ¡ts molecules are mov- 
¡ng and the more forceful the collisions between them. Hipher temperatures, 
therefore, tend to increase reaction rates. The nitrogen and oxygen molecules ˆ 
that make up our atmosphere, for example, are always colliding with one 
another. At the ambient temperatures of our atmosphere, however, these 
molecules do not generally have sufficient kinetic energy to allow for the for- 
maton of nirogen monoxide. The heat of a lightning bolt, however, 
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° ê 
e . sx 


——. 


: `... ... L 
Reactants... ..,Coming ...SlOWly.... 
together... 
`, Nitrogen,N; TWj Oxygen,O, 
Figure 9.10 


Slow-moving molecules may collide without enough force to break bonds. In this case, they 
cannot react to form product molecules. 


dramatically increases the kinetic energy of these molecules, to the point that 
a large portion of the collisions in the vicinity of the bolt result in the forma- 
tion of nitrogen monoxide. As discussed in the opening of this chapter, the 
nitrogen monoxide formed ¡in this manner undergoes further atmospheric 
reactions to form chemicals known as nitrates that plants depend on to sur- 
vive. [his is an example of //øeen ƒxa#Zøø, which we explore in Chapter 15. 


Concept Check v 


An internal-combustion engine works by drawing a mixture of air and 
gasoline vapors into a chamber. The action of a piston then compresses 
these gases into a smaller volume prior to ignition by the spark of a spark 
plug. What is the advantage of squeezing the vapors to a smaller volume? 


Fuel/air intake Compression - Power stroke 


Was this Yy0UF answer? Squeezing the vapors to a smaller volume effectively increases their 
concentration and hence the number of collisions between molecules. This, in turn, promotes the chem- 


ical reaction. 


...fend not 
to react... 


`ò 
tồ 


...©Ven after 


colliding in 
the proper 
orientation. 
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Figure 9.11 

Reactant molecules must gain a 
minimum amount of energy, called 
the activation energy E,„ in order to 
transform to product molecules. 


The energy required to break bonds can also come from the absorption 
of electromagnetic radiation. As the radiation is absorbed by reactant mol- 
ecules, the atoms ¡n the molecules may start to vibrate so rapidly that the 
bonds between them are easily broken. In many instances, the direct 
absorption of electromagnetic radiation is all ít takes to break chemical 
bonds and initiate a chemical reaction. As we discuss in Chapter l7, for 
example, the common atmospheric pollutant nitrogen dioxide, NO, may 
transform to nitrogen monoxide and atomic oxygen mereÌy upon exposure 
to sunlipht: 


NO; + sunlieht —> NO + Ö 


WWhether the result of collisions, absorption of electromagnetic radia- 
tion, or both, broken bonds are a necessary first step in most chemical reac- 
tions. The energy required for this initial breaking of bonds can be viewed 
as an ££zey bazz/er. The mìinimum energy required to overcome this energy 
barrier is known as the activation energy È,. 

In the reaction between nitrogen and oxygen to form nitrogen monox- 
ide, the energy barrier ¡s so hiph (because the bonds in N¿ and Ô; are 
strong) that only the fastest-moving nitrogen and oxygen molecules possess 
sufficient energy to react. Figure 9.11 shows the energy barrier in this chem- 
ical reaction as a vertical hump. 


Nitrogen monoxide 


Energy—————> 
——> 


Nitogen Oxygen 


Reaction progress ———————> 


The activation energy of a chemical reaction is analogous to the energy 
a car needs to drive over the top o£a hill, Ñ/ithout sufficient energy to clmb 
to the top of the hill, there is no way for the car to get to the other side. 
Likewise, reactant mmolecules can transform to product molecules only If the 
reactant molecules possess an amount of energy equal to or greater than the 
aCtIvation energy. 

At any given temperature, there ¡s a wide distribution of kinetic ener- 
g1es In reactant molecules. Some are moving slowly and others quickly. As 
discussed in Chapter 1, the temperature of a material ¡s simply the 2øz⁄ẽ 
of all these kinetic energies. The few fast-moving reactant molecules in Eig- ° 
ure 9.12 are the frst to transform to product molecules because these are 
the molecules that have enough energy to pass over the energy barrier. 

When the temperature of reactants is increased, the number of reactant 
molecules having sufficient energy to pass over the barrier aÌlso increases, 
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Kinetic energies 
sufficient to 
Overcome 
energy barrier 


Kinetic energies 
not sufficient to 
OVercome 
energy barrier 


which is why reactions are generally faster at higher temperatures. Con- 
versely, at lower temperatures, there are fewer molecules having sufficient 
energy to pass over the barrier, which ¡s why reactions are generally slower 
at lower temperatures. 

Most chemical reactions are infuenced by temperature in this manner, 
Including those reactions occurring in living bodies. The body temperature 
of animals that regulate their internal temperature, such as humang, Is fatrÌy 
constant. However, the body temperature of some animals, such as the alli- 
gator shown in Figure 9.13, rises and falls with the temperature of the envi- 
ronment. Cn a warm day, the chemical reactions occurring ¡n an alligator 
are “up to speed,” and the animal can be most active. On a chilly day, how- 
ever, the chemical reactions proceed at a lower rate, and as a consequence, 
the alligators movements are unavoidably slugsish. 


Concept Check v 


What kitchen device is used to lower the rate at which microorganisms 
grow on food? 


Was this YOUF anSWer? The refrigerator! Microorganisms, such as bread mold, are everywhere 
and difficult to avoid. By lowering the temperature of microorganism-contaminated food, the refrigera- 
tor decreases the rate of the chemical reactions that these microorganisms depend on for growth, 


thereby increasing the foods shelf life. 


Figure 9.12 

Fast-moving reactant molecules 
possess sufficient energy to pass 
over the energy barrier and hence 
are the first ones to transform to 
product molecules. 


Figure 9.13 

This alligator became immobilized on 
the pavement after being caught in 
the cold night air. By mid-morning, 
shown here, the temperature had 
Wwarmed sufficiently to allow the alliga- 
tor to get up and walk away. 
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Energy————> 


(a) Without catalyst 


9.4 Catalysts Increase the Ra 


As discussed in the previous section, a chemical reaction can be madc to go 
faster by increasing the concentration of the reactants or by increasing the 
temperature. A third way to increase the rate of a reaction is to add a cata- 
lyst, which is any substance that increases the rate ofa chemical reaction by 
lowering ¡ts activation energy. The catalyst may partiCIpate 4s a reactant, 
but it is then regenerated as a product and is thus available to catalyze sub- 
SeqUu€TF r€aCtIOnS. 

The conversion of ozone, ©s, to oxygen, O¿, is normally sỈuggish 
because the reacton has a relatively hiph energy barrier, as shown in Flgure 
9.14a. However, when chlorine atoms act as a catalyst, the energy barrier is 
lowered, as shown ¡in Eigure 9.14b, and the reaction 1s able to proceed faster. 


Oxygen, 


Energy ———> 


Reaction progress——————> —=——-':.::i:019/20|/225==————- 


(b)_With chlorine catalyst 


Figure 9.14 

(a) The relatively high energy barrier indicates that only the most energetic ozone molecules can 
react to form oxygen molecules. (b) Chlorine atoms lower the energy barrier, which means more 
reactant molecules have sufficient energy to form product. The chlorine allows the reaction to 
proceed in two steps, and the two smaller energy barriers correspond to these steps. (Note that 
the convention is to write the catalyst above the reaction arrow.) 


Atomic chlorine lowers the energy barrler of this reaction by providing 
an alternate pathway involving intermediate reactions, each having a lower 
activation enerpy than the uncatalyzed reaction. This aÌternate pathway 
Involves two steps. Initially, the chlorine reacts with the ozone to form chÍo- 
rine monoxide and oxygen: 


ỞI T7 Ó; => CÓ 0 


Chlorine Ozone Chlorine Oxygen 
monoxide 


The chlorine monoxide then reacts with another ozone molecule to re-form 
the chlorine atom as well as produce two additional oxygen molecules: 
ClO + O; —> Cl + 2O; 


Chlorine Ozone Chlorine Oxygen 
monoxide 


Althouph chlorine ¡s used up ¡n the frst reaction, it is regenerated ¡in the 
second reaction. Äs a result, there is no net consumption of chÏorine. At the 
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same time, however, a total of two ozone molecules are rapidly converted 
to three oxygen molecules. The chlorine ¡s therefore a catalyst for the con- 
Version of ozone to oxygen because the chỈorine increases the specd of the 
reactlon but is not consumed by the reaction. 

Chlorine atoms in the stratosphere catalyze the destruction of the 
Earths ozone layer. As we explore further in Chapter 17, evidence tells us 
that chỈorine atoms are generated in the stratosphere as a by-product of 
human-made chlorofluorocarbons (CFC$), once widely produced as the 
cooling fuid oŸ refrigerators and air-conditioners. Destruction of the ozone 
layer is a serious concern because of the role this layer plays in PrOtecting 
us from the suns harmful ultraviolet rays. One chlorine atom ¡in the ozone 
layer, it is estimated, can catalyze the transformation of 100,000 ozone 
molecules to oxygen molecules in the one or two years before the chlorine 
atom 1s removed by natural processes. 

Chemists have been able to harness the power of catalysts for numerous 
beneficial purposes. The exhaust that comes from an automobile engine, for 
example, contains a wide assortment of pollutants, such as nitrogen monox- 
1de, carbon monoxide, and uncombusted fuel vapors (hydrocarbons). To 
reduce the amount of these pollutants entering the atmosphere, most auto- 
mobiles are equipped with a e2/2)/ức cozerfer, shown in Figure 9.15. Metal 
cataÌysts In a converter speed up reactions that convert exhaust pollutants to 
less toxic substances. Nitrogen monoxide is transformed to nitrogen and 
oxygen, carbon monoxide is transformed to carbon dioxide, and unburned 
fuel is converted to carbon dioxide and water vapor. Because catalysts are not 
consumed by the reactions they facilitate, a single catalytic converter may 
continue to operate effectively for the lifetime of the car. 


Catalytic converter Tail pipe 


Hydrocarbon 
Before it reaches the catalytic converter, After it has passed through the 
the exhaust contains sụch pollutants catalytic converter, the exhaust 


as NO,CO,and hydrocarbons. contains water vapor, N;, O;,and CO:. 


Figure 9.15 

A catalytic converter reduces the pollu- 
tion caused by automobile exhaust by 
converting such harmful combustion 
products as NO, CO, and hydrocarbons 
to harmless N;, O;, and CO:. The cata- 
lyst is typically platinum, Pt, palladium, 
Pd, or rhodium, Rd. 
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Figure 9.16 

The exhaust from automobiles today is 
much cleaner than before the advent 
of the catalytic converter, but there are 
many more cars on the road. In 1960 
there were 70 million registered motor 
vehicles in the United States. In 2000 
there were more than 200 million. 


Catalytic converters, along with microchip-controlled 
fuel-air ratios, have led to a significant drop in the per-vehicle 
emission of pollutants. A typical car in 1960 emitted about 
11 grams of uncombusted fuel, 4 grams of nitrogen oxide, and 
84 grams of carbon monoxide per mile traveled. An improved 
vehicle in 2000 emitted less than 0.5 gram of uncombusted fuel, 
less than 0.5 gram of nitrogen oxide, and only about 3 grams of 
carbon monoxide per mile traveled. This improvement, how- 
ever, has been ofSet by an increase in the number of cars being 
driven, exemplifed by the traffic jam shown ¡n Eigure 9. lÓó. 

The chemical industry depends on catalysts because they 
lower manufacturing costs by lowering required temperatures 
and providing øreater product yields without being consumed. Indeed, more 
than 90 percent o£ all manufactured øgoods are produced with the assistance 
Of catalysts. Without catalysts, the price of gasoline would be much higher, as 
would be the price of such consumer goods as rubber, plastics, pharmaceuti- 
cals, automobile parts, clothing, and food grown with chemical fertilizers. 

Living organisms rely on speciaÌ types of catalysts known as £7Z/⁄% 
which allow exceedingly complex biochemical reactions to occur with ease. 
The nature and behavior of enzymes are discussed in Chapter 13. 


Concept Check v 


How does a catalyst lower the energy barrier of a chemical reaction? 


Was this YOUFT ânsWer? The catalyst provides an alternate and easier-to-achieve pathway along 
which the chemical reaction can proceed. 


95 Chemical Reactions Can Be Either 
Exothermic or Endothermic 


As the preceding two sectlons discuss, reactants must have a certain amount 
Of energy in order to overcome the energy barrier so that a chemical reaction 
can proceed. Cnce a reaction 1s complete, however, there may be either a net 
release or a net absorption of energy. Reactions in which there is a net release 
of energy are called exothermic. Rocketships lift off into space and camp- 
Rñres glow red hot as a result of exothermic reactions. Reactions ¡in which 
there is a net absorption of energy are called endothermic. Photosynthesis, 
for example, Involves a series of endothermic reactions that are driven by the 
energy o£ sunlight. Both exothermic and endothermic reactions, illustrated 
In Figure 9.17, can be understood through the concept of bond energy. 
During a chemical reaction, chemical bonds are broken and atoms 
rcarrange to form new chemical bonds. Such breaking and forming of 
chemical bonds involves changes in energy. As an analogy, constder a palr ° 
O£ magnets. lo separate them requires an input of “muscle energy.” Con- 
versely, when the two separated magnets collide, they become sliphtÌy 
warmer than they were, and this warmth ¡is evidence of energy released. 
Energy must be absorbed by the magnets ¡f they are to break apart, and 
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cnergy is released as they come together. The same principle applies to 
atoms. lo pull bonded atoms apart requires an energy Iinput. hen atoms 
combine, there is an energy output, usually in the form of faster-moving 
atoms and molecules, electromagnetic radiation, or both. 

The amount of energy required to pull two bonded atoms ApPAFt IS 
the same as the amount released when they are brought together. This 
energy absorbed as a bond breaks or released as one forms is called bond 
energy. Each chemical bond has its own characteristic bond enerpy. The 
hydrogen-hydrogen bond energy, for example, is 436 kilojoules per 
mole. Phis means that 436 kilojoules of energy is absorbed as 1 mole of 
hydrogen-hydrogen bonds break apart, and 436 kilojoules of energy is 
released upon the formation of 1 mole of hydrogen-hydrogen bonds. 
Different bonds involving different elements have different bond ener- 
gies, as Table 9.1 shows. You can refer to the table as you study this sec- 
tion, but please do not memorize these bond energies. [nstead, focus on 
understanding what they mean. 


Table 9.1 


Selected Bond Energies 


Bond Energy Bond Energy 

Bond (kJ/mole) Bond (kJ/mole) 
H-H 436 O-O 138 
B—C 414 Cl-Cl 243 
H—N 389 N-N 159 
H-O 464. N=O 631 

h—F 569 O=O 498 
"=ứ 431 O=C 803 

TK 339 N=N 946 
=c 347 C=C 


837 


By convention, a posiuive bond energy represents the amount of 
energy absorbed as a bond breaks and a negative bond energy represents 
the amount of energy released as a bond forms. Thus when you are calcu- 
lating the net energy released or absorbed during a reaction, you ]Í need to 
be careful about plus and minus signs. Ít is standard practice when doing 
such calculations to assign a plus sign to energy absorbed and a minus sign 
to energy released. For instance, when dealing with a reaction in which I 
mole of H-H bonds are broken, yoưÌl write +436 kilojoules to Indicate 
energy absorbed, and when decaling with the formation of 1 mole o£ HH 
bonds, yoưll write —436 kilojoules to indicate energy released. WeÌl do 
some sample calculations In a moment. 


Concept Check v 


Do all covalent single bonds have the same bond energy? 


Was this Y0UFT aânSW€F? Bond energy depends on the types of atoms bonding. The H-H 
single bong, for example, has a bond energy of 436 kilojoules per mole, but the H-O single bond has a 
bond energy of 464 kilojoules per mole. All covalent single bonds do not have the same bond energy. 


Figure 9.17 

For the chemical reactions taking place 
in burning wood, there is a net release 
of energy. For those taking place in a 
photosynthetic plant, there is a net 
absorption of energy. 
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T mus† supply energy †o 
†hese maqne†s In order 
†o pull them qpor†. 


Energy ¡s released 
when †hey come †ogeTherl 


An Exothermic Reaction lnvolves a Net Release of Energy 


For any chemical reaction, the total amount of energy absorbed in break- 
¡ng bonds in reactants is always different from the total amount of the 
cnergy released as bonds form in the products. Consider the reaction in 
which hydrogen and oxygen react to form wat€r: 


H—H +H—H+O=O —> H—O._ + `O 
H 


In the reactants, hydrogen atoms are bonded to hydrogen atoms and 
oxygen atoms are double-bonded to oxygen atoms. The total amount of 
energy absorbed as these bonds break ¡s 


Type ofbond Number of moles Bond energy Total energy 
lại Soi 2 +436 kJ/mole +872 kJ 
O=O 1 +498 kJ/mole +498 kJ 


Total energy absorbed +1370 k] 


In the products there are four hydrogen-oxygen bonds. The total amount . 
of energy released as these bonds form is 


Type ofbond  Number of moles Bond energy Total energy 


l7 4 —464 k]/mole —1856 b] 
Total energy released 1856 kJ 


For this reaction the amount of energy released exceeds the amount of 
energy absorbed. The net energy of the reaction is found by adding the two 
quantItIes: 


net energy of reaction = cnergy absorbed + energy released 
+1370 k] + (—1856 kỊ) 
= 486 kị 


The negative sign on the net energy indicates that there is a net z£/29£ 
of energy, and so the reaction ¡s exothermic. For any exothermic reaction, 
energy can be considered a product and ¡s thus sometimes included after 
the arrow of the chemical equation: 


2Hạ + Ó¿ =SÝ 2lHIj/) tn..., 


In an exothermic reaction, the potential energy ofatoms in the product 
molecules is lower than their potential energy in the reactant molecules. 
Thịs 1s 1llustrated in the reaction profile shown in Eigure 9.18. The poten-' 
tial energy of the atoms 1s lower in the product molecules because they are 
held more tightly together. This is analogous to two attracting magnets, 
whose potential energy decreases as they come closer together. The Ìoss of 
potential energy is balanced by a gain in kinetic energy. As two free-foating 
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Potential energy———> 
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Reaction progress———————> 


magnets come together, they accelerate to hipher speeds. Similarly, as reac- 
tants react to form products, the potential energy of the reactants is con- 
verted to kinetic energy, which can take the form of faster-moving atoms 
and molecules, electromagnetic radiation, or both. This kinetic energy is the 
energy released by the reaction, and ít is equal to the difference between the 
potential energy of the reactants and the potential energy of the products, 
as 1s Indicated in Figure 9.18. 

Ít is important to understand that the energy released by an exothermic 
Teactlon 1s not created by the reaction. This is in accord with the /Zz øƒcøn- 
seru4f/ø› øƒeneregy, which states that energy ¡s neither created nor destroyed 
in a chemical reaction. Instead, it is merely converted from one form to 
another. During an exothermic reaction, energy that was once ¡n the form 
of the potential energy of chemical bonds ¡s released as the kinetic energy 
of fast-moving molecules and/or as electromagnetic radiation. 

The amount of energy released in an exothermic reaction depends on 
the amount of reactants. The reaction of large amounts o£ hydrogen and 
oxygen, for example, provides the energy to lift the space shuttle shown in 
Fipgure 9.19 ¡into orbit. There are two compartments In the large central 
tank to which the orbiter is attached—one filled with liquid hydrogen and 
the other with liquid oxygen. Dpon ignition, these two liquids mix and 
react chemically to form water vapor, which produces the needed thrust as 
t is expelled out the rocket cones. Additional thrust is obtained by a pair 
of solid-fuel rocket boosters containing a mixture of ammonium perchlo- 
rate, NH„ClO¿, and powdered aluminum. pon Ignition, these chemicals 
react to form products that are expelled out the back of the rocket. The bal- 
anced equation representing this reaction Is 


2D NH„CIO„ +23Al —> Al2O; + AIC]; + 3 NÓ + 6 HO + energy 


Concept Check v 


Where does the net energy released in an exothermic reaction go? 


Was this Y0UF ânSW€F? This energy goes into making atoms and molecules move faster and/or 
into the formation of electromagnetic radiation. 


Figure 9.18 

In an exothermic reaction, the product 
molecules are at a lower potential 
energy than the reactant molecules. 
The net amount of energy released by 
the reaction is equal to the difference 
in potential energies of the reactants 
and products. 


Figure 9.19 
Â space shuttle uses exothermic chemi- 
cal reactions to lift off from the Earths 
surface. 


292 


Chapter 9 An Overview of Chemical Reactions 


An Endothermic Reacfion Involves a Net Absorption of Energy 


Many chemical reactions are endothermic, such that the amount Of enerey 
released as products form is /⁄s than the amount 0 energy absorbed ¡n the 
breaking of bonds in the reactants. An example ¡s the reaction Of atmo- 
spheric nitrogen and oxygen to form nitrogen monoxide, which is the same 
reaction used for many of the discussions earlier in this chapter: 


NšäN +O=O —> N=O +N=O 


The amount of energy absorbed as the chemical bonds in the reactants 
break 1s 


Type ofbond  Number of moles Bond energy Total energy 
N=N l +946 kJ/mole +946 k] 
O=O 1 +498 k]/mole +498 k] 


Total energy absorbed +1444 kJ 


The amount of energy released upon the formation of bonds in the prod- 
UCfS 1S 


Type ofbond  Number of moles Bond energy Total energy 


=O Đ) —631 kJ/mole =1202 kị 
Total energy released —1262 kJ 


As before, the net energy of the reaction is found by adding the two 
quantitles: 


net energy of reaction = energy absorbed + energy released 
+Ì121hjJ (| |0 n1 
¬... 


The positive sign ¡indicates that there is a net ⁄Z/s2z?/72 of energy, 
meaning the reaction 1s endothermic. For any endothermic reaction, enerey 
can be considered a reactant and ¡s thus sometimes included before the 
arrow of the chemical equation: 


enersy + N; +O; —> 2NO 


In an endothermic reaction, the potential energy of atoms in the prod- 
uct molecules 1s higher than their potential energy in the reactant mole- 
cules. Thịs is illustrated in the reaction profile shown in Figure 9.20. Rais- 
¡ng the potential energy of the atoms in the product molecules requires a 
net input of energy, which must come from some external source, such as 
electromagnetic radiation, electricity, or heat. Thus nitrogen and oxygen 
react to form nitrogen monoxide only with the application of much heat, 
as occurs adjacent to a liphtning boÏt or in an internal-combustion engine. 
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Figure 9.20 

In an endothermic reaction, the product molecules are at a higher potential energy than the 
reactant molecules. The net amount of energy absorbed by the reaction is equal to the differ- 
ence in potential energies of the reactants and products. 


Hands-On Chemistry: 
Warming and Cooling Water Mixtures 


Recall from Section 7.1 that chemical bonds and intermolecular attractions 
are both consequences of the electric force, the difference being that chemi- 
cal bonds are generally many tỉimes stronger than molecule-to-molecule 
attractions. So, just as the formation and breaking of chemical bonds involves 
energy, so does the formation and breaking of molecular attractions. For 
molecule-to-molecule attractions, the amount of energy absorbed or released 
per gram of material is relatively small. Physical changes involving the forma- 
tion or breaking of molecule-to-molecule attractions, therefore, are much 
safer to perform, which makes them more suitable for a Hands-On Chemistry 
activity. Experience the exothermic and endothermic nature of physical 
changes for yourself by performing the following two activities. 


4) Hold some room-temperature water in the cupped palm of your hand 
over a sink. Pour an equal amount of room-temperature rubbing alco- 
hol into the water. ls this mixing an exothermic or endothermic 
process? Whats going on at the molecular level? 


(2) Add Iukewarm water to two plastic cups. (Do not use insulating Styro- 
foam cups.) Transfer the liquid back and forth between cups to ensure 
equal temperatures, ending up with the same amount of water in 
each cup. Add several tablespoons of table salt to one cụp and stir. 
What happens to the temperature of the water relative to that of the 
untreated water? (Hold the cups up to your cheeks to tell.) Is this an 
exothermic or endothermic process? Whats going on at the molecular 


level? 
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Figure 9.21 

Bouncing marbles dont bounce 
forever. Rather, they slow to a halt as 
frictional forces cause their kinetic 
energy to transform to heat energy, 
which disperses into the floor and 
throughout the room. 


Figure 9.22 

The 12.0 grams of graphite (1 mole) 
and 58.5 grams of sodium chloride 

(1 mole) shown here are at the same 
temperature, 294 K (21.1”C). The total 
amount of energy they have absorbed 
to get from 0 K to thìs temperature, 
however, is much greater for the 
sodium chloride (S = 72.4 J/K) than 
for the graphite (S = 5.7 J/⁄K). 
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Energy tends to disperse. It fiows from where it is concentrated to where it is 
spread out. This model ñts with our everyday experience. he energy ofa hot 
pan, for example, doesnt stay in the pan once the pan is taken of the stove. 
Instead, the energy radiates outward (disperses), away from the pan and into 
the surroundings. The energy found in gasoline burns explosively in a car 
cngine. Some of this energy disperses through the transmission to get the car 
moving. The rest disperses as heat into the engine, its radiator Ñuid, and out 
the exhaust pipe. A third example ofenergy dispersal is shown in Figure 9.2]. 

Scientists look to this tendency of energy to disperse as one of the cen- 
trai driving forces for physical and chemical processes. Ín other words, 
processes that result in the dispersion of energy tend to occur on their 
own—they are favored. This includes the cooling down of a hot pan and 
the burning of gasoline. 

And the opposite holds true, too. Processes that result in the concen- 
tration of energy tend øø to occur—they are not favored. Heat from the 
room, for example, wilÍ not spontaneousÌly move back into the pan to heat 
it up. Likewise, the lower-energy molecules of the cars exhaust worrt on 
their own come back together to re-form the hipher-energy gasoline mole- 
cules. The natural Ñow of energy 1s always a one-way trip from where it is 
concentrated to where ¡t is spread out. 

As discussed in Section 1.6, energy given to a substance can øo tO InCT€as- 
¡ng the temperature of that substance or to changing 1s phase. When all the 
energy that a substance has absorbed to arrive at a particular temperature and 
phase ¡s divided by the absolute temperature of that substance, the resuÏt is a 
valuable quantity known as entropy. The absolute temperature scale is used 
because, as also discussed in Section 1.6, it is directly related to the motions 
of atoms and molecules. 

As shown ¡in Table 9.2, different substances have different entropies. 
Note that entropy 1s commonly represented by the letter Š and ¡s given In 
units of energy (Joules) divided by absolute temperature (kelvins). Ín gen- 
eral, the higher the entropy value of a substance, the more energy the sub- 
stance contains, as 1llustrated in Figure 9.22. 
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Table 9.2 
ý ớÏ——— nan 
Per Mole Entropies of Selected Substances at 298 K (25°C) 


Substance Entropy, S (J/K) 
Carbon, C(s, diamond) 2.4 
Carbon, C(s, graphite) Si// 
Sodium fluoride, NaF(s) 31,5 
Water, H;O(€) 69.9 
Sodium chloride, NaCl(s) 724 
Sodium bromide, NaBr(s) 86.8 
Hydrogen, H(g) 114.7 
Sodium chloride, NaCl(aq) 1155 
Methanol, CHzOH() 126.8 
Hydrogen, H;(g) 130.7 
Ammonium nitrate,NHuNO:(s) T51 | 
Carbon, C(g) 158.1 
Methane, CHu(g) 186.3 
Water, H;O(g) 188.8 
Nitrogen, N;(g) 191.6 
Ammonia,NH:(q) 192.5 
Oxygen, O;(g) 205.1 
Carbon dioxide, CO›(q) 237 
Nitrogen dioxide, NO›(g) 240.1 
Ammonium nitrate,NH„NO:(aq) 259.8 


Entropy Changes as Chemicals React 


During a chemical reaction there ¡s a change ¡n the identity of the sub- 
stances. For example, 2 moles of atomic hydrogen, H, may react to form 
I1 mole of molecular hydrogen, H: 


H@) + HẸ) —> H;Œ) 


Although H and H; are both made of hydrogen atoms, they are different 
substances and so have different properties, including different entropIes, as 
Table 9.2 shows. Chemists calculate the difference ¡in entropies for the 
chemicals in a reaction by adding up the entropies of all the products and 
subtracting the sum of the entropies of all the reactants: 


entropy difference = entropies of products — entropIes of reactants 
For the formation ofa molecular hydrogen, the entropy difference is 


114.7 J/K 114.7 J/K 130.7 J/K 
entropy diference = (130.7 J/K) — (114.7 J/K + 114.7 ]/K) 
70/7 Jk. 


Note that this is a negative entropy difference, which means the entropy 
đj¿creases as the reaction proceeds. We can envision how entropy decreases by 
noting the number of particles. In general, more particles means energy has 
more opportunities to disperse (high entropy). Conversely, when there are 
fewer particles, there are fewer opportunities for energy to disperse (low 
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entropy). For this hydrogen reaction, 2 moles of hydrogen atoms ar€ trans- 
formed to 1 mole of hydrogen molecules, which means that after the reac- 
tion is over, there are fewer particles. Hence, the energy 1s less dispersed in 
the product than ¡n the reactants. 

As an analogy, consider two marbles dropped to the foor. You know 
that energy is dispersed as these marbles bounce offin different directions. 
Nhat if these marbles were somehow combined into a larger single marble? 
WWhen dropped, there may be the same release of energy, but because the 
marbles are combined, this energy ¡s released over a smaller repion. Two 
bouncing marbles, therefore, provide more entropy (energy dispersion) 
than a single bouncing marble of the same mass. Likewise, for a given tem- 
perature, two hydrogen atoms provide more entropy than a single hydro- 
gen molecule of the same mass. Transforming two hydrogen atoms Into a 
single hydrogen molecule, therefore, results in a 2£z¿zs£ in entropy, which 
is seen above as a negative entropy difference. 


Concept Check v 


Two moles of hydrogen gas, H;, react with 1 mole of oxygen gas, Ò›, to 
form 2 moles of liquid water, H;O. What is the difference in entropies 
between reactants and products? 


H-H(g) + H-H(g) + O=O(g) —> H-O-H() + HO H-) 
130/7J/K 130.7J/K  205.14/K 69.9 J/K 69.9 J/K 


Was this your answer? 


entropy difference = entropies of products — entropies of reactants 
(69.9 J/K + 69.9 J/K) — (130.7 J/K + 130.7 J/K + 205.1 J/K) 
= —326.7 J/K 


lỊ 


This is a negative entropy difference (entropy decreases), which makes sense because there are fewer 
molecules after the reaction has occurred. Furthermore, the reactants are gases and the products are 
liquids. Gases have higher entropy values than liquids because gas molecules are more dispersed, 


According to the above analysis, hydrogen atoms should øø/ transform 
to hydrogen molecules on their own because this would go against the nat- 
ural tendency of energy to disperse. We do not yet have the whole story, 
however, and so lets look further. Althouph we have considered the ener- 
ø1es products and reactants have within them, we have yet to consider the 
energy released or absorbed during a reaction. This is the energy of reaction 
that In Secton 9.5 you learned to calculate by comparing the bond ener- 
Ø1es of the reactants and products. 

The formation of molecular hydrogen involves only the formation oÊ 
chemical bonds; no reactant bonds need to be broken. It ¡s exothermic, 
releasing 436,000 ] per mole of Hạ formed.* In being exothermic, the reac- 


* When considered from the point of view of the chemical reaction, this is —436,000 ], 
where the minus sign indicates energy is /os/ øy zbe zeaerion. Here we are looking at the 
energy Ø7 by te surrowz¿2zzøs, which we specify as +436,000 ]. 
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tion spreads out energy into the environment. This fact indicates to us that 
hydrogen atoms s/ø/⁄ react to form hydrogen molecules. So we have two 
competing entropies: one in which less energy is dispersed to the hydrogen 
molecules and one involving much energy dispersed to the surroundinss: 
Which dominates? We need only add these two competing entropies 
together to ñnd out. 

The entropy change resulting from the release or absorption of energy 
1s calculated by dividing the energy of the reaction by its absolute tcmper- 
ature. Thus the 436,000 J of energy released in the formation of 1 mole of 
H; ¡s 436,000 J/298 K, which equals + 1463 J/K. The amount of entropy 
that goes into the universe from this reaction, therefore, is 


change in change in Š from change in S from 


%ofuniverse = products — reactants + energy released/absorbed 
during reaction 


= —98.7 J/K + 1463 J/K 
= +1364 ]/K 


Thus, for the formation of molecular hydrogen, H;, from atomic hydro- 
gen, HI, there is a net positive entropy change ¡n the universe, which tells 
us that this reaction wilÏ proceed on its own. In other words, the smaller 
nepative entropy change ¡n the system of hydrogen molecules ¡s compen- 
sated for by a larger positive entropy change ¡n the surroundings. 

Like the cooling ofa hot pan, a chemical reaction proceeds on its own onÌy 
1f there ¡s a net dispersal of energy (a positive net entropy change). [f the oppo- 
site holds true (a negative net entropy change), the reacton wont proceed 
unless it ¡is somehow driven by a horter environment, whiích we discuss next. 


Concept Check v 


A total of 486,000 joules of energy is released as 2 moles of hydrogen, H;, 
react with 1 mole of oxygen, O;, to produce 2 moles of water, HO. Assume 
the reaction is run at a constant temperature of 298 K. Does the reaction 
involve a net increase or a net decrease in the entropy in the universe? 


H-H(g) + H-H(g) + O=O(g) —> H-O-H() + H-O-H(€) 
130.7J/K  130.7J/K_ 205.11/K 69.9 J/K 69.9 J/K 


Was this Y0UuFT anSW€F? The entropy change associated with the energy released during this 
reaction is 486,000 J/298 K = 1631 J/K. Add this entropy change to the entropy difference between 
products and reactants, which was calculated in the previous concept check. The result is the amount 
of entropy that goes into the universe during this reaction: 


change in change in S from change in Š from 
Sofuniverse = products — reactants + energy released/absorbed during reaction 
= —326.7 J/K + 1631 J/K = +13041/K 


This net positive entropy change in the universe tells us this reaction proceeds on its own. Of course, as 
was discussed in Section 9.3, a tỉny spark might be needed at first to overcome the activation energy 


barrier. 
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Endothermic Reactions Require the Absorption 
of Energy from the Surroundings 


Exothermic reactions tend to proceed in the direction oŸ reactants to prod- 
ucts because these reactions release energy to the surroundings. hat about 
endothermic reactions? Such reactions require that energy be absorbed 
from the surroundings. In other words, they cannot occur unless the sur- 
roundinss have energy to g1ve to the reaction. 

Consider the decomposition oÊŸwarer, H›Õ, to form hydrogen, H›, and 
oxygen, ©›. At room temperature, 298 K, the toral change in entropy for 
this reaction ¡s the opposite of the entropy change for the formation of 
water, which means the decomposition reaction wont happen on Its own. 
Note that here in the decomposition equation the entropy-change signs are 
all reversed from what they were in the previous two concept checks: 


HO + HO =—=— DI) mi Ít: 2 MU A5) 


change In change in S from change In Š from 
$ofuniverse =  products — reactants + energy released/absorbed 
during reaction 


= +326.7 J/K + (—1631 ]J/&) 
= —1304 J/K 


One way to force this decompositon reaction tO OCCuT 1s to raise the tem- 
perature to a point where the heat in the surroundinsgs 1s able to drive the 
reactants to products. Interestingly, the entropy for the chemicals doesnt 
change significantly as the temperature 1s increased. The entropy that arises 
from the energy released or absorbed during the reaction, however, is sub- 
stantially different. For example, If the temperature Is raised to 1800 K, the 
entropy change from the energy absorbed during the reactlon becomes 
—486,000 J divided by 1800 K = —2370 ]/K. The apparent change in the 
entropy of the universe thus becomes positive: 


HO + H;O = Họ t1, 


change In change in ŠÍrom change in Š from 
Sofuniverse = products — reactants + energy absorbed 
during reaction 


=-+996/7 ]JIN + (—@00 ÉK) 
= +57]/K 


So although thịs endothermic reaction is not favored at room temperature, 
1t 1s favored at 1800 K. 

\We talk about the ZøøZzez change In the entropy of the universe because 
we must consider how we get to a temperature of 1800 K. To do so requires 
the heat from an exothermic reaction, say, from the burning of a fuel. The 
cntropy Increase resulting from such an exothermic reaction is much greater 


~ 
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than the entropy decrease resulting from the water-decomposition reaction 
run at 298 K, In other words, an entropy-decreasing endothermic reaction 
can be made to occur provided there is a supply of energy from a neighbor- 
¡ng entropy-increasing exothermic reaction (Figure 9.23). When all the 
entropy changes are tallied, the net amount of entropy in the universe is 
always Increasing—its a natural law. 


The Laws of Thermodynamics 


In this and the previous section, we have focused on the role energy plays 
In chemical reactions. This is an area of science known as thermodynam- 
ics, which stems from Greek words meaning “movement of heat.” The con- 
cepts we addressed, such as exothermic and endothermic reactions and 
entropy, it neatly ¡n the laws of thermodynamics, which are paraphrased 
as follows: 


1. Enerey 1s conserved. lt may convert Írom one form to another, say 
from potential to kinetic energy, but the total amount of energy in 
the universe 1s constant. [he energy an exothermic reaction releases 
always goes somewhere in the environment, usually ¡n the form of 
heat. 


2. Whenever anything happens on its own, energy becomes more dis- 
persed. The degree of energy dispersal is measured by a quantity known 
as entropy, which is continuousÌy Increasing. 


Concept Check v 


1. Without looking at bond energies, deduce whether the following reac- 
tion is exothermic or endothermic. Should energy be written as a 
reactant or as a product? 


s. . O xzÐ 


Gì O of“ Sỹ 


2. ls energy more dispersed in the reactants or products? 


Was this your answer? 

1. The nitrogen-nitrogen bond is broken during this reaction, but no new bonds are formed. Because 
energy is absorbed as a chemical bond breaks, this reaction is endothermic, and energy should be 
written as a reactant: energy + NO; —> 2NO;. 

2. In this reaction, there are more product molecules than reactant molecules. This suggests that 
energy is more dispersed in the products than in the reactants, which tends to favor the reaction. 
In other words, because of this increase in entropy, the reaction will run at a lower temperature 
than it would otherwise. In fact, this endothermic reaction occurs spontaneously even at room 


temperature. 


Figure 9.23 

Chemists routinely force otherwise 
nonspontaneous reactions to occur by 
increasing the temperature at which 
the reactions are run. In doing so, 

they rely on an accompanying entropy- 
producing reactions, sụch as the burn- 
ing of natural gas. By making these 
reactions favorable, chemists are able 
to create many compounds not found 
in nature, including such modern mate- 
rials as plastics,computer chips, medi- 
cines, fertilizers, and metal alloys. 
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Figure 9.24 
Magic is in the eye of the beholder. 


In Perspective 


Chemical reactions are truly the heart of chemistry, and their applications 
abound. Eor instance, the magician in Figure 9.24 has just ignited a sheet of 
nitrocellulose, also known as flash paper. In a moment, it wIlÏ appear to have 
vanished. You know from the law of mass conservation, however, that mate- 
rỉals dont simply vanish. Rather, they are transformed to new materials, 
Sometimes we cant see the new materials, but that doesnt mean they dont 
exist. Cne of the reactions that occur as fash paper burns 1s 


4 CHzN:O¡s(s) +19 O;(g) —> 24 CO;(g) + 20 NO;(g) + 14 H;O() 


A component of Oxygen Carbon Nitrogen Water 
nitrocellulose dioxide dioxide 


The equation shows 24 carbon, 28 hydrogen, 20 nitrogen, and 102 oxygen 
atoms before and after the reaction. The difference Is in how these atoms 
are prouped together. The products formed in this case are alÏ gaseous mate- 
rials that quickly mix Into the atmosphere, escaping our notice. 

To make the flash paper, the magician would have had to mix the start- 
ing materials cellulose and nitric acid. He could determine the proper pro- 
pordons by knowing the formula masses of these two substances. And 
although the Ñash paper may be bathed in an atmosphere of oxygen, ¡t will 
not react with the oxygen until an iniual amount of energy (from the spark 
of the magiclans liphter) ¡is provided to overcome the enerey barrler. Ẳe 
know the burning of Rash paper 1s exothermic because the amount of energy 
released as product bonds form is greater than the amount absorbed as reac- 
tant bonds break. Also, because this reaction proceeds on its own, we know 
this reaction results in a dispersal of energy, which means an Increase in 
entropy. The energy released 1s In the form of lipht and faster-moving mol- 
ecules, which ¡s why the air where the Ñash paper once was is now apprecia- 
bly warmer. No true magic 1s involved, but ít is enchanting all the same. 


Key Terms and Matching Definitions 


œ ¬\ 


10. 


J5. 


aCtivatlon enerey 
Avogadros number 
bond energy 
catalyst 

chemical equation 
coefficient 
endothermic 
entropy 
exothermic 
formula mass 
molar mass 
product 

T€aCtlon rate 
reactant 
thermodynamics 


. Á representation of a chemical reaction. 

..A starting materlal in a chemical reaction, ap- 
pearing before the arrow ¡n a chemical equation. 
.- A new material formed in a chemical reaction, 


appearing after the arrow ¡n a chemical equation. 


. A number used ín a chemical equation to Indi- 


cate either the number of atoms/molecules or 
the number of moles of a reactant or product. 


, The sum of the atomic masses of the atoms in a 


chemical compound or element. 


. The number of particlese—6.02 x 1022— 


contained in I1 mole of anything. 


. The mass of I mole of a substance. 
. Á measure of how quickly the concentration of 


products in a chemical reaction increases or the 
Concentration of reactants decreases. 


. The minimum energy required in order for a 


chemical reaction to proceed. 

Any substance that increases the rate of a chem- 
ical reaction without itself being consumed by 
the reaction. 


- Á term that describes a chemical reaction in 


which there ¡s a net release of energy. 


- A term that describes a chemical reaction in 


which there ¡s a net absorption oÊ energy. 


. The amount of energy either absorbed as a 


chemical bond breaks or released as a bond 
forms. : 


. The total amount of energy In a øIven amount 


of substance divided by the substances absolute 


temp€rature. 
An area of science concerned with the role 
enerey plays In chemical reactions. 
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Review Questions 


Chemical Reactions Are Represented by Chemical Equations 


l. 


Nhat is the purpose of coefficlents In a chemi- 
cal cquation? 


. How many chromium atoms and how many 


oxygen atoms are indicated on the ripht side of 
this balanced chemical equation: 


4á Cr§) + 3O;(g) —> 2€r;Oz(g) 


. Nhat do the letters (s), (), (g), and (aq) stand 


for in a chemical equation? 


.- Why is it important that a chemical equation be 


balanced? 


. Why is it Important never to change a subscrIpt 


in a chemical formula when balancing a chemi- 
cal equatlon? 


. Which cquatlons are balanced? 


a. Mg(s) + 2 HCl(aq)—> MgCl;(aq) + H;() 
b. 3 Al@) Ta) Br;() —> Al;Bra(s) 
c. 2 KIECNS)— >2 Lie(C) + Ó 0) 


Chemists Use Relative Masses to Count Atoms and Molecules 
7. Why dont equal masses of golf balls and 


14. 


lo, 


Ping-Pong balls contain the same number 


of balls? 


. Why dont equal masses of carbon atoms and 


oxygen molecules contain the same number 
of particles? 


. How does formula mass differ from atomic 


mass? 


. Nhat is the mass of a sodium atom In atomIc 


mass units? 


. What is the formula mass of nitrogen monox- 


ide, NO, In atomic mass unIts? 


. lÝyou had I mole o£ marbles, how many 


marbles would you have? 


. lfyou had 2 moles of pennies, how many 


pennies would you have 


How many moles of water are there in 18 prams 
of water? 


How many molecules of water are there In 
18 grams of water? 
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16. Why is saying you have 1 mole of water mole- 
cules the same as saying you have 6.02 x 1023 
water molecules? 


Reaction Rate Is Influenced 
by Concentration and Temperature 


17. Why dont all collisions between reactant mole- 
cules lead to product formation? 


18. What two aspects of a collision between two 
reactant molecules determine whether or not 
the collision results In the formation of product 
molecules? 


19. What generally happens to the rate of a chemi- 


cal reactlon with increasing temperature? 


20. Why does food take longer to spoil when It 1s 
placed In the refriperator? 


21. Which reactant molecules are the first to pass 
over the energy barrier? 


22. What term ¡s used to describe the mininum 
amount of energy required ¡in order for a reac- 
tion to procecd? 


Catalysts Increase the Rate of Chemical Reactions 


23. What catalyst is effective in the destruction of 
atmospheric ozone, €z? 


24. Can a catalyst react with a reactant? 
25. What ¡s the purpose of a catalytic converter? 


26. What does a catalyst do to the energy barrier 
Of a reaction? 


27. Nhat net effect does a chemical reaction have 
on a catalyst? 


28. Why are catalysts so important to our economy? 


Chemical Reactions Can Be 
Either Exothermic or Endothermic 


29. Ifit takes 436 kilojoules to break a bond, how 
many kiloJoules are released when the same 
bond ¡s formed? 


30. Is there any energy consumed at any time dur- 
¡ng an exothermic reaction? 


31. WWhat is released by an exothermic reaction? 


32. What ¡s absorbed by an endothermic reaction? 


33. Which ¡s higher in an endothermic reaction: the 
potential energy of the reactants or the potential 
energy of the products? 


Entropy ls a Measure of Dispersed Energy 
34. As energy disperses, where does It go? 
35. What are the units of entropy? 


36. True or false: chemists calculate the entropy 
change of a reaction by subtracting the 
entropies of the reactants from the entropies of 
the products. 


37. What role does entropy play ¡n chemical 


reactions? 


38. Why do exothermic reactions typically favor the 
formation of products? 


Hands-On Chemistry Insights 
Warming and Cooling Water Mixtures 


1. The mixing of rubbing alcohol and water 1s an 
exothermic process, as evidenced by the warmth 
you feel upon combining the two. At the mole- 
cular level, hydrogen bonds are being formed 
between alcohol molecules and water molecules. 
Recall from Section 7.1 that the hydrogen 
“bond” ¡s a molecule-to-molecule attraction. Ït 
1s the formation of these tntermolecular attrac- 
tions between alcohol and water molecules that 
results in the release of heat. 


H4 ã 


2. You should have been able to feel that the salted 
water was cooler than the unsalted water, mean- 
¡ng the mixing of sodium chloride and water is 
an endothermic process. At the molecular level, 
two things are going on. Eirst the ionic bonds 


between Na” and CI” in the solid salt break, a 
process that absorbs energy. Then the ions form 
Ion-dipole attractions with water molecules, a 
process that releases energy. The amount o£ 
energy absorbed in the frst step is greater than 
the amount released in the second step. 

Commercial “cold packs” work by the same 
principle. Instead of sodium chloride, however, 
these packs are made with ammonium nitrate, 
which absorbs much more energy as it dissolves 
In water. In order for the pack to be activated, 
it must be punched. This breaks an inner seal 
and allows the anmonium nitrate to mix with 
water. Ás the ammonium nitrate dissolves, heat 
1s absorbed and the temperature of anything in 
contact with the pack—including a sprained 
ankle—decreases. 


Exercises 


1. Balance these equations: 
"". 8 ốTg G7) 
`. FezOa(s) 
b. .... H;Œœ) sử _ “. N;(@) => 
. Balance these equations: 
sU Fe(s) + NỘI SẼ. FezSa(s) 
b. Jj”m. HỆ) 
_— Ha(g) 


. What are the formula masses of water, HO; 
propene, CzH; and 2-propanol, CzHạO? 


. What ¡s the formula mass of sulfur dioxide, 


SO,? 


. Which has more atoms: 17.031 grams of 
ammonia, NH¿, or 72.922 grams of hydrogen 
chloride, HC]? 


. Which has more atoms: 64.058 grams of sulfur 
dioxide, SO›, or 72.922 grams of TỶ. 
chloride, HC]? 


. Which has the greatest number of molecules: 
a. 28 grams of nitrogen, N› 

b. 32 grams of oxygen, Ö; 

c. 32 grams of methane, CH¿ 

d. 38 grams of fuorine, F; 


10. 
HH 


822 


lế 
14. 
l7 


16. 


T7. 


TÔ, 


15) 


20. 


2 


9/05 


20: 
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. Which has the preatest number of atoms: 


a. 28 grams of nitrogen, N; 
b. 32 grams of oxygen, OÖ; 

c. 1ó prams of methane, CHự 
d. 38 grams of Ñuorine, F; 


. Hydrogen and oxygen always react In a l:8 ratio 


by mass to form water. EarÌy investigators took 
this to mean that oxygen was eipht times more 
massive than hydrogen. What did these Investi- 
Øators assume about waters chemical formula? 


Two atomic mass units equal how many grams 


What ¡s the mass of an oxygen atom In atomic 
mass unIts? 


\What is the mass ofa water molecule In atomic 
mass unIrs 


Nhat is the mass of an oxygen atom In grams? 
Nhat 1s the mass of a water molecule in grams? 


Ís it possible to have a sample of oxygen that 
has a mass of l4 atomic mass units? Explain. 


NWhich is greater: 1.01 atomic mass units of 
hydrogen or 1.01 grams of hydrogen? 


Which has the greater mass, 1.204 < 102“ 
molecules of molecular hydrogen or I.204 X 
102 molecules of water? 


You are given two samples of elements, and 
cach sample has a mass of 10 grams. If the 
two samples contain the same number of 
atoms, what must be true of the two samples? 


Does a refrigerator prevent or delay the spoilage 


of food? Explain. 


The yeast used in bread dough feeds on sugar to 
produce carbon dioxide gas, which causes the 
douph to rise. Why ¡s bread dough commonly 
left to rise in a warm area rather than ¡n the 
refriperator? 


WWhy does a glowing splint of wood burn only 
slowly in air but burst into Ñames when placed 
in pure oxygen? 

WWhy ¡s heat often added to chemical reactions 
performed ¡n the laboratory? 


An Alka-Seltzer antacid tablet bubbles vigor- 
ousÌy In room-temperature water but onlÌy 
slowly in a 50:50 mix of alcohol and water also 
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24. 


29. 


26. 


Z2/E 


^ủ. 
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at room temperature. Propose an explanation 
involving the relationship between reaction 
speed and frequency of molecular collisions. 


WWhat can you deduce about the activation 
energy of a reaction that takes bilÏlons of years 
to øo to completion? How about a reaction that 
takes only fractions of a second? 


In the following reaction sequence for the cat- 
alytic formation of ozone from molecular oxy- 
gen, which chemical compound 1s the catalyst: 
nitrogen monoxide or nitrogen dioxide: 


C330) 
So. A\C Co 2C) 


Nhat role do chlorofuorocarbons play ¡in the 
catalytic destruction o£ ozone? 


Many people hear about atmospheric ozone 
depletilon and wonder why we dont simply 
replace that which has been destroyed. Knowing 
about chlorofuorocarbons and knowing how 
catalysts work, explain how this would not be 

a lasting solution. 


se the bond energies in Iable 9.1 and the 
accounting format shown In Section 9.5 to 
determine whether these reactlons are exother- 
mic or endothermic: 


)JZjs-. acc Sẽ 4(ÓOat12H CO) 
se the bond energies in Iable 9.1 and the 
accounting format shown in Sectlon 9.5 to 


determine whether these reactlons are exo- 
thermic or endothermic: 


H H 
` , 
N—N —> H—H+H—-H*N, 
7 ` 
H H 
H H 
`o O bã 
= + —O —> 
` ` 
H H 


O=O+H—O +H—O 
\ ` 
H H 


30. 


SI 


20, 


Su 


34. 


S1 


Si0, 


SP 


38. 


Note in Table 9.1 that bond energy increases 
going from HN to H-O to H-FE. Explain this 
trend based on the sizes of these atoms as de- 
duced from their positions in the periodic table. 


Are the chemical reactions that take pÌace in a 
disposable battery exothermic or endothermic? 
Nhat evidence supports your answer? Ìs the reac- 
tion going on in a rechargeable battery while it is 
recharging exothermic or endothermic? 


Is the synthesis of ozone from oxygen exother- 
mic or endothermic? How about the synthesis 
of oxygen from ozone 


Two people are looking at a brick. One person 
says that the energy ¡n the brick ¡s dispersed. 
The other says that the energy of the brick is 
contained. Who ¡s ripht and why? 


WWhy ¡s the entropy of water vapor so much 
hipher than that of liquid water? 


Do combustible fuels tend to have hịph or low 
€ntrOpIes. 


How 1s it possible to cause an endothermic reac- 
tion to proceed when the reaction causes energy 
to become less dispersed? 


For some endothermic reactions, the energy dis- 
persal resulting from the change in the arrange- 
ment oÊ atoms as products form is o greater 
signiicance than the energy lost in breaking 
reactant bonds. What is so special about these 
reactions is that the energy required to push 
them forward is spontaneously drawn from the 
surroundings. Cite an example. 


Our bodies synthesize tens of thousands of 
chemicals, such as proteins, that would not oth- 
erwise form on their own. ÑWWhat are two ways 
that our bodies accomplish this fantastic feat? 


Problems 


lộ 


How many molecules of aspirin (formula mass 
180 atomic mass units) are there in a 0.250- 
gram sample? 


Small samples of oxygen gas needed in the labo- | 
ratory can be generated by any number of sim- 
ple chemical reactions, such as 


2 KCIOs(s) —> 2 KCIG) + 3 O¿() 


Nhat mass of oxygen (in grams) is produced 
when 122.55 grams of KCIOs (formula mass 
122.55 atomic mass units) takes part in this 
reaction? 


How many grams of water, H;O, and propene, 
C+Hạ, can be formed from the reaction of 6.0 
grams of 2-propanol, C;HzO? 


II: 
mm. 5 —> 
| 


TL TÌ 
2-Propanol lại 
| 
H C—H H 
⁄ ` 
El=(.—C. m=. oi 
" _, 
H- H 
Propene Water 


How many moles of water, HO, can be pro- 
duced from the reaction of 16 grams of 
methane, CH¿, with an unlimited supplÌy of 
oxygen, +? How many grams of water is this: 
The reaction Is 


How much energy, in kilojoules, is released or 
absorbed during the reaction o£ l mole of nitro- 
gen, N¿, with 3 moles of molecular hydrogen, 
Hạ, to form 2 moles of anmonia, NHạ? Con- 
sult Table 9.1 for bond energIes. 


JN]==ÌNI mo lôi = ni mimnsipnisim ru 


¬Ỷ_ s sa ủ 
H H 


The reaction of 1 mole of nitrogen, N›, with 
3 moles of molecular hydrogen, Hạ, to form 
2 moles of ammonia, NHạ, is exothermic, 
resulting in the release of 80,000 joules. Ùsc 
Table 9.2 to calculate whether or not this 
reaction should proceed on its own at 298 K 


(0U), 


Assume that the entropy values given in Table 
9.2 are good not just for 298 K but for any 
temperature. Does the reaction of 1 mole of 
nitrogen, N›, with 3 moles of molecular hydro- 
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gen, H, to form 2 moles ofammonia, NHạ, 
become more or less favored when the tempera- 
ture ¡s increased from 298 K (25°C) to 723 K 
(450°C)? 


Answers to Calculatlon Corner 
Hguring Masses of Reactants and Products 


1. 


According to the law of mass conservation, 

the amount of mass in the products must equal 
the amount of mass in the reactants. GIven 
that this reaction Involves onÌy one reactant 
and one product, you should not be surprised 
to learn that 64 prams of reactant produces 


64 grams of product: 


Step T1. Convert grams of Ò; to moles 
of O: 


I1 mole Ô; 


————”~|=2 moles O; 


(64 x©| 


Step2. Convert moles of Ö› to moles 
of Oa: 


2 moles Oz; 


"—.- 


: 1.33 moles O2 


Step3. Convert moles of Ös to grams of ÒÖa: 


. There are several ways to answer this problem. 


One way would be to recognize that 28 grams 
o£ÁN; ¡is I mole of N; and 32 grams of Ö; is 

1 mole o£ Ö›. According to the balanced equa- 
tion, combining 1 mole oFN; with l mole of 
O; yields 2 moles of NO. The mass of 2 moles 
of£ NÓ ñs 


UP Ì\)C) |. 
(2 nai NÓ | nn ] =60 gNO 


which ¡s the sum of the masses of the reac- 
tants, as it must be because of the law of 
masS Conservation. 
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Exploring Further 


http://www.thecatalyst.org/wwwchem.html 
Thịs site has been developed as a resource for 
hiph school chemistry teachers, but anyone 
studying chemistry should ñnd the links help- 
ful. You mipht follow the link to the history 
of chemistry, for example, to learn more about 
Amadeo Avogadro and that huge number 


named after him. 


http://www.wxumac.demon.co.uk 
Nitrogen monoxide, also known as nitric 
oxide, NO, is a precursor to nitrate fertIllzers 
and a common atmospheric pollutant, but it 
also plays a multitude of vital roles in our 
human biology. se 77c øx7Z£ as a keyword 
in your [nternet search engine to find a 
plethora of Web sites devoted to the many 
roles this small but important molecule plays 
in our physiology and in varlous diseases, 
such as AlzheimerS, Parkinsons, asthma, 
heart disease, and infections. 


http://www.secondlaw.com 
http://www.entropysimple.com 


These sites emphasize the “big picture” of how 
the second law of thermodynamics applies to 
our everyday experiences, including our sense 
of time. Many practical and down-to-earth 
applications are provided. A great follow-up to 
Section 9.6, these sites will help you to see this 
law as one of the simplest yet most profound 
laws of naturc. 


š the : 
$GnEmetn 
&>". place 


An Overview of Chemical Reactions 
Visit The Chemistry Place at: 
WWwW.aw.com/chemplace 


Transferring Protons 


As rainwater falls, it absorbs atmospheric carbon dioxide. Once in the rainwa- 
ter, the carbon dioxide reacts with water to form an acid known as carbonic 
acid, H;CO:, which, as we discuss in this chapter, makes rainwater naturally 
acidic. As the rainwater passes through the ground, the carbonic acid reacts 
with various basic minerals, such as limestone, to form products that are 
water-soluble and thus carried away by the underground flow of water. This 
washing-away action over the course of millions of years creates caves. The 
worlds most extensive cave system is in western Kentucky in Mammoth 
Cave National Park, where more than 300 miles of networked caves have 
been mapped. 

Although Mammoth Cave National Park has the most extensive network 
Of caves, its cave chambers are much smaller than those in Carlsbad Caverns 
National Park in southeastern New Mexico. This chapters opening photo- 
graph shows the largest chamber at Carlsbad, which measures 25 stories 
high and half a kilometer wide. The great size of the chambers at Carlsbad is 
due to the “limestone-eating” action of an acid known as sulfuric acid, HạSO¿, 
which is much stronger than carbonic acid. This sulfuric acid forms from 
gaseous hydrogen sulfde, H;5, and gaseous sulfur dioxide, SO›;, both of 
which rise up from oil and gas deposits buried deep in the Earth. 

In this chapter, we explore acids and bases and the chemical reactions 
they undergo. We begin with a definition of these two important substances 
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CaSOa H;O 
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and then explore how some acids and bases are stronger than others. After learn- 
ing about the pH scale, we close by looking at some environmental and physio- 
logical applications of acid-base concepts. 


101 Adds Donate Protons, Bases Accept Them 


The term Zc/comes from the Latin Zc/s, whích means “sour.” The sour 
taste oŸ vinegar and citrus fruits is due to the presence öf acids. Food 1s 
digested ¡n the stomach with the help of acids, and acids are also essential 
in the chemical industry. Today, for instance, more than 85 billion pounds 
of sulfuric acid is produced annually in the United States, making this the 
number-one manufactured chemical. Sulfuric acid is used ¡in fertilizers, 
detergents, paint dyes, plastics, pharmaceuticals, storage batteries, iron, and 
steel. Ít is so important in the manufacturing of goods that its productlon 
is considered a standard measure of a nations industrial strenpth. Figure 
10.1 shows only a very few of the acids we commonly encounter. 


_PICKLES 


HÍU, ÍSTE + BỊCU Q RUN M "TC 
— ° " = 


() 
Figure 10.1 
Examples of acids. (a) Citrus fruits contain many types of acids, including ascorbic acid, CaHaO¿, 
which is vitamin C. (b) Vinegar contains acetic acid, C;H„O›, and can be used to preserve foods. 
(c) Many toilet bowl cleaners are formulated with hydrochloric acid, HCI. (d) All carbonated 
beverages contain carbonic acid, H;CO:, while many also contain phosphoric acid, HạPOa. 


L¿ 


10.1 Acids Donate Protons, Bases Accept Them 


__ Đases are characterized by their bitter taste and slippery feel. Interest- 
Ingly, bases themselves are not slippery. Rather, they cause skin oils to trans- 
form Into slippery solutions of soap. Most commercial preparations for 
unclogging drains are composed of sodium hydroxide, NaOH (also known 
as lye), which is extremely basic and hazardous when concentrated. Bases 
HC also heavily used ¡n industry. Each year in the United States about 
25 billion pounds of sodium hydroxide is manufactured for use in the 
production OÊ various chemicals and in the puÏp and paper industry. Solu- 
tions containing bases are often called z/#z/z, a term derived from the 
Arabic word for ashes (2-22), a term we met in Section 2.6. Ashes are 
slippery when wet because of the presence of the base potassium carbonate, 
K¿COx. Figure 10.2 shows some common bases with which you are prob- 
ably familiar. 
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(c) 


Figure 10.2 
Examples of bases. (a) Reactions involving sodium bicarbonate, NaHCO;, make baked goods 


rise. (b) Ashes contain potassium carbonate, K;COz. (c) Soap is made by reacting bases with 
animal or vegetable oils. The sơap itself, then, is slightly alkaline. (d) Powerful bases, such as 
sodium hydroxide, NaOH, are used in drain cleaners. 


Acids and bases may be defncd in several ways. For our purposes, an 
appropriate defnition is the one suggested in 1923 by the Danish chemist 
Johannes Brønsted (1879-1947) and the English chemist Thomas Lowry 
(1874-1936). In the Brønsted-Lowry defnition, an acid ¡s any chemical 
that donates a hydrogen ion, H”, and a base is any chemical that accepts a 
hydrogen ion. Recall from Chapter 2 that, because a hydrogen atom con- 
sists of one electron surrounding a one-proton nucleus, a hydrogen !on 
formed from the loss of an electron ¡s nothing more than a lone proton. 
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Thus, it is aÌlso sometimes said that an acid ¡s a chemical that donates a pro- 
ton and a base ¡s a chemical that accepts a proton. 


HereS q 8AAD acronym for 
remembering how acids and 
bases handle pro†ons: 

Bases Accep†, Acids Donofe. 


Proton Proton 
donor acceptor 


Consider what happens when hydrogen chÏoride is mixed into water: 


oG`® eo 2 


 'Hạ(@ ˆ —> GI= 1015. 


Recdll †ha† a hydrogen ion 
Wi†h a posifive charge is 
sinply a lone pro†on. 


H” donor  H” acceptor 
Positive hydrogen (acid) (base) 
ion (lone pro†on) 


Hydroqen 


Hydrogen chloride donates a hydrogen ion to one o£ the nonbonding elec- 
tron pairs on a water molecule, resulting in a third hydrogen bonded to the 
oxygen. In this case, hydrogen chloride behaves as an acid (proton donor) 
and water behaves as a base (proton acceptor). [he products of this reac- 
tion are a chloride ion and a hydronium ion, HO”, which, as Figure 10.3 
shows, 1s a water molecule with an extra proton. 


+ 
H.O 


Space-filling model 
of hydronium ion 


Figure 10.3 

The hydronium ion positive charge 

Ís a consequence of the extra proton 
this molecule has acquired. Hydronium 
ions, which play a part in many 
acid-base reactions, are polyatomic 
ions, which, as mentioned in Chapter 6, 
are molecules that carry a net electric 
charge. Net charge In 


Electron dot structure 
of hydronium ion 


Total protons_ 11+ 
Total electrons 10— 


10.1 Acids Donate Protons, Bases Accept Them Sii 


When added to water, ammonia behaves as a base as its nonbonding 


electrons (see Eigure 6.16) accept a hydrogen ion from water, which, in this 
case, behaves as an acid: 


» 4$ 2 sSŠ 
HO + NH; —> OH- + NHự† 


H” donor HF acceptor 
(acid) (base) 


Thịs reaction results in the formation oŸan ammonium ion and a hydrox- 
1de ion, which, as shown in EIigure 10.4, is a water molecule without the 
nucleus of one of the hydrogen atoms. 


@—à 
—èò 
@ 
| 
ị @® 
OH" 
@—ò 
Electron dot structure Space-filling model 
of hydroxide ion of hydroxide ion 


Totalprotons 9+ 
Total electrons 10— 


Net charge l 


An important aspect of the Brønsted-Lowry definiton is that ït recog- 
nizes acid-base as a Óc2/øz. YWc say, for example, that hydrogen chloride 
beb20es as an acid when mixed with water, which ¿2ø as a base. Simi- 
larly, ammonia 22s as a base when mixed with water, which under this 
circumstance 2z as an acid. Because acid-base 1s seen as a behavior, 
there is really no contradiction when a chemical like water behaves as a base 
in one instance but as an acid ¡n another Instance. By analogy, consider 
yourself. You are who you are, but your behavior changes depending on 
whom you are with. Likewise, it is a chemical property of water to behave 
as a base (accept H”) when mixed with hydrogen chloride and as an acid 
(donate H”) when mixed with ammonla. 

The products of an acid-base reaction can also behave as acids or bases. 
An ammonium ion, for example, may donate a hydrogen ion back to a 
hydroxide ion to re-form ammonia and water: 


= “e=v, s5 
® 4 93 & 


H” acceptor H” donor 
(base) (acid) 


Figure 10.4 

Hydroxide ions have a net negative 
charge, which ¡is a consequence of 
having lost a proton. Like hydronium 
lons, they play a part in many 
acid-base reactions. 
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Forward and reverse acid-base reactions proceed simulraneously and can 
therefore be represented as occurring at the same time by using two oppo- 
sitely facing arrows: 


® 4$ 9 S 


HO + NH¿ => OH- + NHự† 


H donor  Hacceptor H”acceptor H” donor 
(acid) (base) (base) (acid) 


WWhen the equation ¡s viewed from left to ripht, the ammonia behaves as a 
base because it accepts a hydrogen ion from the water, which therefore acts 
as an acid. Viewed ¡in the reverse direction, the equation shows that the 
ammonium ion behaves as an acid because it donates a hydrogen ion to the 
hydroxide ion, which therefore behaves as a base. 


Concept Check v 


Identify the acid or base behavior of each participant in the reaction 


H;PO,." “TP HOT —— HPOzx Si H;O 


Was this Yÿ0UFT âñSW€Y? In the forward reaction (left to right), HạPOu~ gains a hydrogen ion to 
become H;PƠ¿. In accepting the hydrogen ion, H;POx_ ¡is behaving as a base. lt gets the hydrogen ion 
from the HO”, which is behaving as an acid. In the reverse direction, HạPOx loses a hydrogen ion to 
become H;POx_ and is thus behaving as an acid. The recipient of the hydrogen ion is the HO, which is 
behaving as a base as it transforms to HO”, 


A Salt Is the lonic Product of an Acid-Base Reacfion 


In everyday language, the word s2 Implies sodium chloride, NaCl, table 
salt. In the language of chemistry, however, saÏt is a general term meaning 
any Ionic compound formed from the reaction between an acid and a base. 
Hydrogen chloride and sodium hydroxide, for example, react to produce 
the salt sodium chloride and water: 


HI + NaOH —3 Náci ¬ 77. 


Hydrogen Sodium Sodium Water 
chloride hydroxide chloride 
(acid) (base) (salt) 


Similarly, the reaction berween hydrogen chloride and potassium hydrox- 
ide yields the salt potassium chloride and water: 


HC + KOH —> KCI + HỤO 
Hydrogen Potassium Potassium Water 


chloride hydroxide chloride 
(acid) (base) (salt) 


10.1 Acids Donate Protons, Bases Accept Them Ki) 


Potassium chloride ¡s the main Iingredient in “salt-free” table salt, as noted 
in Figure 10.5. 

Salts are generally far less corrosive than the acids and bases from 
which they are formed. A corrosive chemical has the power to disintegrate 
a material or wear away its surface. Hydrogen chloride is a remarkably cor- 
1osive acid, which makes it useful for cleaning toilet bowls and etching 
metal surfaces. Sodium hydroxide is a very corrosive base used for unclog- 
ging drains. Mixing hydrogen chloride and sodium hydroxide together in 
cqual portions, however, produces an aqueous solution of sodium chlo- 
ride—salt water, which is nowhere near as destructive as either starting 
material. 

There are as many salts as there are acids and bases. Sodium cyanide, 
NaCN, is a deadly poison. “Salt peter,” which is potassium nitrate, KNO¿, 
1s useful as a fertilizer and in the formulation of gun powder. Calcium chÌo- 
ride, CaC];, is commonly used to de-ice roads, and sodium ÂÑuoride, NaE, 
prevents tooth decay. The acid-base reactions forming these salts are shown 
in Table 10.1. 

The reaction between an acid and a base is called a neutralization reac- 
tion. Âs can be seen ¡n the color-coding of the neutralization reactions in 
Table 10.1, the positive ion of a salt comes from the base and the nepative 
ion comes from the acid. The remaining hydrogen and hydroxide ions join 
tO Íorm Water. 

Not all neutralization reactions result in the formation of water. In the 
presence of hydrogen chloride, for example, the drug cocaine behaves as a 
base by accepting H* from a hydrogen chloride. The negative CI” then 
jJoins the cocaine-H” ion to form the salt cocaine hydrochloride, shown in 
Figure 10.6 on page 314. Thịs salt of cocaine ¡s soluble in water and can be 
absorbed through the moist membranes of the nasal passages or mouth. 
The nonsalt form of cocaine, also known as “free-base cocaine” or “crack 


Table 10.1 


Acid-Base Reactions and the Salts Formed 


Acid Base Salt Water 
CN +2 NOH —> NaACN + HO 
Hydrogen Sodium Sodium 
cyanide hydroxide cyanide 
HNO,.+ KOH —> KNO; + HO 

Nitric Potassium Potassium 

acid hydroxide nitrate 
Hydrogen Calcium Calcium 
chloride hydroxide chloride 

HE + NaOH —> NaF 1... FI,) 
Hydrogen Sodium Sodium 
fluoride hydroxide fluoride 
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Figure 10.5 

“Salt-free” table-salt substitutes contain 
potassium chloride in pÌlace of sodium 
chloride. Caution is advised in using 
these products, however, because 
excessive quantities of potassium salts 
can lead to serious illness. Furthermore, 
sodium ions are a vital component of 
our điet and should never be totally 
excluded. For a good balance of these 
tWwO important ions, you might inquire 
about commercially available half-and- 
half mixtures of sodium chloride and 
potassium chloride, such as the one 
shown here. 
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Cocaine Cocaine 
(base) hydrochloride 
(salt) 
Figure 10.6 cocaine,” is a nonpolar material that vaporizes easily when heated. Ïts 


Hydrogen chloride and cocaine react 


to form the salt cocaine hydrochloride, 
which, because of its solubility in water, 
is readily absorbed into the body 


vapors are inhaled direcdy into the lungs, resulting in dangerously high 
concentrations of cocaine in the bloodstream. Ñe shall return to the actlons 
Of various drugs in Chapter l4. 


through moist membranes. 


Concept Check v 


ls a neutralization reaction best described as a physical change or a chem- 
ical change? 


Was this YOUF aSWeF? New chemicals are formed during a neutralization reaction, meaning 
the reaction is a chemical change. 


10.2 Some Acids and Bases Are Stronger Than Others 


In general, the stronger an acid, the more readily it donates hydrogen ions. 
Likewise, the stronger a base, the more readily it accepts hydrogen ions. An 
cxample of a strong acid is hydrogen chloride, HCI, and an example of a 
strong base 1s sodium hydroxide, NaOH. The corrosiveness of these mate- 
rials is a result of their strength. 

One way to assess the strength of an acid or base is to measure how 
much of ít remains after it has been added to water. If little remains, the 
acid or base is strong. Ifa lot remains, the acid or base ¡s weak. To illustrate 
this concept, consider what happens when the strong acid hydrogen chlo- 
ride is added to water and what happens when the weak acid acetic acid, 
C2H¿O; (the active Ingredient of vinegar), is added to water. 

Being an acid, hydrogen chloride donates hydrogen ions to water, 
forming chloride ions and hydronium ions. Because HC] ¡s such a strong 
acid, nearly all of ít is converted to these ions, as is shown in Figure 10.7. 


10.2 Some Acids and Bases Are Stronger Than Others 


Figure 10.7 


Hydrogen HC is a strong acid. 


chloride 


H;O* 


Hydrogen Water Chloride  Hydronium 
chloride ion ion 


Because acetic acid ¡s a weak acid, it has much Ìless tendency to donate 
hydrogen ions to water. When this acid 1s dissolved in water, only a small 
portion of the acetic acid molecules are converted to ions, which occurs as 
the polar O-H bonds are broken (the C—H bonds o£ acidic acid are unaf- 
fected by the water because of their nonpolarity). The majority of acetic 
acid molecules remain intact in thetr original nonionized form, as shown In 
Figure 10.8. 

Figures 10.7 and 10.8 (on page 316) show the submicroscopic behav- 
ior of strong and weak acids in water. However, molecules and ions are too 
small to see. How then does a chemist measure the streneth ofan acid? One 
way is by measuring a solutions ability to conduct an electric current, as 
Figure 10.9 illustrates on page 316. In pure water there are practically no 
ions to conduct electricity. When a strong acid ¡s dissolved in water many 
ions are generated, as indicated in Figure 10.7. The presence of these ions 
allows for the fow ofa large electric current. À weak acid dissolved in water 
generates only a few ions, as indicated in Figure 10.8. The presence Of fewer 
ions means there can be only a small electric current. 


315 


Immediately after hydrogen chloride, which is a gaseous substance, is 
added to water, it reacts with the water to form hydronium ions and 
chloride ions. That very little HCl remains (none shown here) tells us that 
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Figure 10.8 

When liquid acetic acid is added to 
water, only a few acetic acid molecules 
react with water to form ions. The 
majority of the acetic acid molecules 
remain in their nonionized form, which 
tells us that acetic acid is a weak acid. 


Acetic 


C;H:O›_ (very few) 
Water 


C,H¿O; ấh HO —- C;H:O; ˆ Bộ JbIz/@)" 


Acetic acid Water Acetate ion Hydronium ion 


Figure 10.9 

(a) The pure water in this circult is 
unable to conduct electricity because 
{t contains practically no ions. The light 
bulb in the circuit therefore remains 
unlit. (b) Because HCI is a strong acid, 
nearly all of its molecules break apart 
In water, giving a high concentration 
of lons, which are able to conduct an 
electric current that lights the bulb. 

(c) Acetic acid, C2HxOs, is a weak acid, 
and in water only a small portion of its 
molecules break up into ions. Because 
fewer ions are generated, only a weak 
current exists and the bulb is dimmer. 


10.2 Some Acids and Bases Are Stronger Than Others 


Thịs same trend is seen with strong and weak bases. Strong bases, for 
cxample, tend to accept hydrogen ions more readily than weak bases. In 
solution, a strong base allows the ow ofa large electric current and a weak 
base allows the Ñow of a small electric current. 


Concept Check v 


According to the aqueous solutions illustrated here, which is the stronger 
base, NHa or NaOH: 


Aqueous solution ofNH; Aqueous solution of NaOH 


Was this Yy0UFf ânSWeF? The solution on the right contains the greater number of ions, meaning 
sodium hydroxide, NaOH, is the stronger base. Ammonia, NH;, is the weaker base, indicated by the rela- 
tively few ions in the solution on the left. 


Just because an acid or base is strong doesnt mean a solution of that 
acid or base is corrosive. The corrosive actlon ofan acidic solution 1s caused 
by the hydronium ions rather than by the acid that generated those hydro- 
nium ions. Similarly, the corrosive action of a basic solution results from 
the hydroxide ions ít contains, regardless of the base that generated those 
hydroxide ions. A øzy dilute solution of a strong acid or a strong base may 
have little corrosive action because in such solutions there are only a few 
hydronium or hydroxide ions. (Almost all the molecules o£ the strong acid 
or base break up into ions, but, because the solution is dilute, there are only 
a few acid or base molecules to begin with. As a result, there are only a few 
hydronium or hydroxide ions.) You shouldnk be too alarmed, therefore, 
when you discover that some toothpastes are formulated with small 
amounts of sodium hydroxide, one of the strongest bases known. 

On the other hand, a concentrated solution of a weak acid, such as 
acetic acid, may be Just as COFTOSIV€ 4S Of €Ven mOT€ corrosive than a dilute 
solution ofa strong acid, such as hydrogen chloride. The relative strengths 
of two acids in solution or two bases in solution, therefore, can be com- 
pared only when the two solutions have the same concentration. 
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105 Solutions Can Be Acidic, Basic, or Neutral 


A substance whose ability to behave as an acid is about the same as its abil- 
¡ty to behave as a base is said to be amphoteric. Water is a good example. 
Because it is amphoteric, water has the ability to react with ¡tself. Ín behav- 
¡ng as an acid, a water molecule donates a hydrogen ion to a neighboring 
water molecule, which in accepting the hydrogen ion is behaving as a base. 
Thịs reaction produces a hydroxide ion and a hydronium ion, which react 
together to re-form the water: 


s e e 2 
HO + HO <== 9G. lục 


Water Water Hydroxide Hydronium 
lon lon 


Erom this reacuon we can see that, in order for a water molecule to gain 
a hydrogen lon, a second water molecule must lose a hydrogen ion. Thí 
means that for every one hydronium ion formed, there is also one hydroxide 
lon formed. In pure water, therefore, the total number of hydronium lons 
must be the same as the total number of hydroxide ions. Experiments reveal 
that the concentration of hydronium and hydroxide ions In pure water Is 
extremely low-—=about 0.0000001 Ä⁄ for cach, where Ä⁄ stands for molarity or 
moles per liter (Secton 7.2). Water by itself, therefore, 1s a very weak acid as 
welÌ as a very weak base, as evidenced by the unlit light buÌb in Eigure 10.9a. 


Concept Check v 


Do water molecules react with one another? 


Was this Yy0Uuf âïSW@F? yes,but not to any large extent.When they do react, they form hydronium 
and hydroxide ions. (Note: Make sure you understand this point because it serves as a basis for most of 
the rest of the chapter.) 


Further experiments reveal an interesting rule pertaining to the con- 
centrations of hydronium and hydroxide ions in any solution that contains 
water. The concentration of hydronium lons in any aqueous solution mul- 
tiplied by the concentration of the hydroxide ions in the solution always 
cquals the constant K„, which is a very, very small number: 


concentration HO” X concentration OH~ = K„ 
= 0.00000000000001 


Concentratton is usually given as molarity, which is indicated by abbreviat- - 


¡ng thís equation usine brackets: 


[H;O”*] x [OH~] = K„ = 0.00000000000001 


10.3 Solutions Can Be Acidic, Basic, or Neutral 


The brackets mean this equation ¡s read “the molarity of HO? times the 


molarity of OH” equals K„.” Writing in scientifc notation (see Appendix 
A), we have 


1© J[OH:.]S” 10x 


__ For pure water, the value of K„ is the concentration of hydronium 
tons, 00000001 4, multiphed by the concentration of hydroxide ions, 
0.0000001 3⁄, which can be written in scientifc notation as 


0x1 mj 010 | —=kK =10x10 


The constant value of „is quite signifcant because it means that, øø 
72atfer t0baf ¡s 4/ssolueẩl in te tuafer, the product of the hydronium ion and 
hydroxide ion concentrations always equals 1.0 X 10” !', Thịis means that 
1f the concentration of HạO” goes up, the concentration of OH~ must go 
down so that the product of the two remains 1.0 X 101, 

Suppose, for example, that a small amount of HCI ¡s added to HP 
Wat€r to increase the concentration of hydronium ions to 1.0 X 1072 Ä. 
(Be sure to see Appendix A ¡fyouTe confused as to how 10” ¡s larger than 
10~”.) The hydroxide ion concentration decreases to 1.0 < 10~9 ÄZso that 
the product of the two remains equal to K„= 1.0 X 10ˆ14; 


II ẲG]JIOlIisl= =10~< l0". 
pure water [i0 10s J0 < I0] zx,=10X10 


5i lciclIf |0 0 < 107 l)01/0 < IÚ | = Ky„—=10X10”? 


The hydroxide ion concentration goes down because some of the 
hydroxide ions from the water are neutralized by the added hydronium 
lons from the HCI, as shown in Figure 10.10b on page 320. In a similar 
manner, adding a base to water ¡increases the hydroxide lon concentra- 
tion. The response is a decrease In the hydronium ion concentration as 
hydronium Ions from the water become neutralized by the added hydrox- 
ide ions from the base, as shown in Eigure 10.10c. The net result is that 
the product o£ the hydronium and hydroxide ion concentratlons 1s always 
cqual to the constant Ấ„ = 1.0 X 10~!4, 


Concept Chek V/ 


1. In pure water, the hydroxide ion concentration is 1.0 < 10~” áM. What 
is the hydronium ion concentration? 

2. What is the concentration of hydronium ions in a solution if the concen- 
tration of hydroxide ions is 1.0 < 103 M? 


Were these your answers? 
1. 1.0 10~?M,because in pure water [HạO”] = [OH”]. 
2. 1.0% 10~11 M,because [HạO†][OH~] must equal 1.0 < 10~14 = Kự„ 
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In an acidic solution, 
[H.O”] > [OH_]. 


In a basic solution, 
[H;O”]< [OH”]. 


In a neutral solution, 
[H;O”] = [OH]. 


Figure 10.11 

The relative concentrations of hydro- 
nium and hydroxide ions determine 

whether a solution is acidic, basic, or 
neutral. 


Concentrated 
HCl(aq) 
— + 


Concentrated 
NaOH(ao) 


c© 


Acid added 


Neutral water Base added 
Hydronium and Hydroxide and 
chloride ions from sodium ions 


adding HCl from adding NaOH 


, & sỉ 
%; è. 


- Nevtalizag 


Equal numbers More H;O” than OH” More OH” than H;O” 
of HO” and OH ˆ after HCl addition after NaOH addition 


(a) (b) (c) 


Figure 10.10 

(a) Neutral water contains as many hydronium ions as hydroxide ions. (b) When the acid HC] is 
added to water, hydronium ions from the added HCI neutralize hydroxide ions from the water, 
thereby decreasing the hydroxide ion concentration. (c) When the base NaOH ¡s added to water, 
the added hydroxide ions neutralize hydronium ions from the water, thereby decreasing the 
hydronium ion concentration. 


An aqueous solution can be described as acidic, basic, or neutral, as Fig- 
ure 10.11 summar1zes. An acidic solution ¡s one in which the hydronium 
lon concentratlon 1s higher than the hydroxide ion concentration. An 
acidic solutlon 1s made by adding an acid to water. The effect of this addi- 
tion 1s to increase the concentration of hydronium ions, which necessarily 
decreases the concentration of hydroxide ions. A basic solution ¡s one in 
which the hydroxide 1on concentration is higher than the hydronium ion 
concentration. Ä basic solutlon 1s made by adding a base to water. Thịs 
addidon increases the concentration of hydroxide ions, which necessarily 
decreases the concentration of hydronium ions. A neutral solution is one 
in which the hydronium ion concentration equals the hydroxide ion con- ˆ 
centratlon. Dure water Is an example of a neutral solution——not because it 
contains so few hydronium and hydroxide ions but because it contains 


10.3 5Solutions Can Be Acidic, Basic,or Neutral 


cqual numbers of them. A neutral solution is also obtained when cqual 


quantities of acid and base are combined, which ¡s why acids and bases are 
said to ø/z2ze each other. 


Concept Check v 


How does adding ammonia, NH;, to water make a basic solution when 
there are no hydroxide ions in the formula for ammonia? 


Was this YOUFT añSWF? Ammonia indirectly increases the hydroxide ion concentration by react- 
ing with water: 


Nhi h2 NH2. On]. 


This reaction raises the hydroxide ion concentration, which has the effect of lowering the hydronium 
lon concentration. With the hydroxide ion concentration now higher than the hydronium ion concen- 
tration, the solution ¡s basic. 


The pH Scale ls Used to Describe Acidity 


The øH sez/z is a numeric scale used to express the acidity of a solution. 
Mathematically, pH is cqual to the negative of the base-L0 logarithm of the 
hydronium Ion concentration: 


pH = -log[H;OT] 


Note again that brackets are used to represent molar concentrations, 
meaning [HạO”] ¡s read “the molar concentration of hydronium ions.” 
For understanding the logarithm function, see the Calculation Corner on 
page 322. 

Consider a neutral solution that has a hydronium Ion concentration o£ 
1.0 X 10—“ 4. To fnd the pH of this solution, we first take the logarithm 
of this value, wh¡ch ¡is —7 (see the Calculation Corner on logarithms). The 
pH is by defnition the negative of this value, which means —(—7) = 7. 
Hence, in a neutral solution, where the hydronium ion concentration equals 
1.0 X 107 4, the pH is 7. 

Acidic solutions have pH values less than 7. For an acidic solution in 
which the hydronium ion concentration 1s l.0 X 10~ Ä⁄, for example, 
pH = -log(1.0 x 107) = 4. The more acidic a solution is, the greater 
its hydronium ion concentration and the lower its pH. 

Basic solutions have pHl values greater than 7. For a basic solution in 
which the hydronium ion concentration 1s l.0 X 10-8 #, for example, 
pH = -log(1.0 X 1078) = 8. The ínore basic a solution 1s, the smaller 
its hydronium ion concentration and the higher its pH. 

Figure 10.12 shows typical pH values of some familiar solutions, and Fig- 
ure 10.13 on page 322 shows two common ways of determining pH values. 


[H:O*'] pH 
JIU) c1 
I0 55 
I0 
iW@W^” 2 
2 
s 3 
I0. =. 
W4 
i@Œ2 5 
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T0. “5S 
102 9 
[0020110 
,£ 
s4) 
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Figure 10.12 
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Concentrated HCI 


Battery acid 


Lemon juice 


Vinegar 
Soft drink 
Beer 
Tomato 


Coffee 
Urine 
Rainwater 


Milk 

Saliva 

Pure water 
Blood 
Seawater 
Baking soda 


Soap 


Ammonia 


Hair remover 


Oven cleaner 


The pH values of some common 


solutions. 
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The logarithm of 102, for example, is 2 because 
that is the power to which 10 ¡s raised to give the 
number 102. IÝ you know that 10” is cqual to 
100, then yoưÏÏ understand that the logarithm of 
100 also ¡s 2. Check this out on your calculator. 
Similarly, the logarithm of 1000 ¡s 3 because 10 
raised to the third power, 107, equals 1000. 

Any positive number, including a very small 
one, has a logarithm. The logarithm of 0.0001 = 
10”, for example, is —4 (the power to which 10 
1s raised to equal this number). 


Example 
Nhat is the logarithm o£ 0.01? 


Answer 

The number 0.01 ¡s 107 (see Appendix A), the 
logarithm of which ¡is —2 (the power to which 10 
1s raised). 

The concentraton of hydronium ions in 
most solutions ¡s typically much less than ] 4. 
Recall, for example, that ¡in neutral water the 
hydronium ion concentration ¡s 0.0000001 3⁄ 
(107 Ä⁄). The logarithm ofany number smaller 
than 1 (but greater than zero) is a negative num- 
ber. The delnition of pH includes the minus sign 


Calculation Corner: Logarithms and pH 


The loqgorifhm of a number con be found on œny scienfific colcula†or by †yping In 
†he number and pressing the [log] bu††on. Wha† †he calculafor does is find The 
power †o which lO is roised †o qive †he number. 


so as to transform the logarithm of the hydro- 
nium ion concentration to a positive number. 

When a solution has a hydronium ion con- 
centraion of I 4, the pH ¡is 0 because 
1 3= 100 X⁄. A 10 /solution has a pH of —I 
because 10 4⁄ = 10! 3. 


Example 
NWhat is the pH of a soluton that has a hydro- 
nium ion concentration of 0.001 4? 


Ânswer 
The number 0.001 is 1073, and so 


pH = -log[HạO”] 
= —log 107 
= = 
Your Turn 
1. What ¡s the logarithm of 102? 
2. What ¡s the logarithm of 100,0002 


3. What ¡is the pH ofa solutton having a hydro- 
nium lon concentration of 102 Ä⁄? Is this 
solution acidic, basic, or neutral? 


Figure 10.13 


(a) The pH of a solution can be measured electronically using 


a pH meter. (b) A rough estimate of the pH of a solution can 
be obtained with litmus paper, which is coated with a dye 
that changes color with pH. 


10.4 Rainwater ls Acidic and Ocean Water ls Basic 


Hands-On Chemistry: Rainbow Cabbage 


The pH of a solution can be approximated with a pH indicator, which is any 
chemical whose color changes with pH. Many pH indicators are found in 
plants; the pigment of red cabbage is a good example. This pigment is red at 
low pH values (1 to 5), light purple around neutral pH values (6 to 7), light 
green at moderately alkaline pH values (8 to 11), and dark green at very alka- 
line pH values (12 to 14). 


Safety Note 


Wear safety glasses. Do not use bleach products because they will oxidize the 
pigment, rendering it insensitive to any changes in pH. You also do not want to 
run the risk of accidentally mixing a bleach solution with the toilet-bowl 
cleaner because the resulting solution would generate harmful chlorine gas. 


What You Need 


Head of red cabbage, small pot, water, four colorless plastic cups or drinking 
glasses, toilet-bowl cleaner, vinegar, baking soda, ammonia cleanser. 


Procedure 


(1 Shred about a quarter of the head of red cabbage and boil the shred- 
ded cabbage in 2 cups of water for about 5 minutes. Strain and collect 
the broth, which contains the pH-indicating pigment. 


@ Pour one-fourth of the broth into each cup. (lf the cups are plastic, 
either allow the broth to cool before pouring or dilute with cold water.) 


(8) Add a small amount of toilet-bowl cleaner to the first cup, a smail 
amount of vinegar to the second cụp, baking soda to the third, and 
ammonia solution to the fourth. 


(4) Use the different colors to estimate the pH of each solution. 


Œ®) Mix some of the acidic and basic solutions together and note the 
rapid change in pH (indicated by the change in color). 


104 Rainwater ls Acdic and Ocean Water ls Basic 


Rainwater is naturally acidic. One source of this acidity 1s carbon dioxide, 
the same gas that gives f1zz to soda drinks. There is 670 billion tons of CÔ; 
in the atmosphere, most of it from such natural sources as volcanoes and 
decaying organic matter but a growing amount from human activitles. 
Water in the atmosphere reacts with carbon dioxide to form øz/0/e 2e/⁄¿ 


CO.(g) + H;ạO() —> H;CƠO¿(aq) 


Carbon: Water Carbonic 
dioxide acid 


Carbonic acid, as its name implies, behaves as an acid and lowers the pH of 
water. The CO; in the atmosphere brings the pH of rainwater to about 
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cuzÍ 


323 


324 Chapter 10 Acids and Bases 


5.6—noticeably below the neutral pH value of 7. Because of local Ñuctua- 
tions, the normal pH of rainwater varies between 5 and 7, Thịs natural 
acidity of rainwater may accelerate the erosion of land and, under the right 
circumstances, can lead to the formation of underground caves, 4$ WaS dis- 
cussed ¡n this chapters introduction. 

By convention, Zc/2 7 is a term used for rain having a pH lower than 
5. Acid rain is created when airborne pollutants such as sulfur dioxide are 
absorbed by atmospheric moisture. Sulfu† dioxide is readily converted to 
sulfur trioxide, which reacts with water to form s⁄#z7c 2c/2: 


2§O;(g) + O;(g —> 2§Oz(g) 


Sulfur Oxygen Sulfur 
dioxide trioxide 


SOzœ@) + HạO(@ —> H;S5O¿(aq) 


Sulfur Oxygen Sulfuric 
trioxide acid 


As noted at the beginning of the chapter, the sulfuric acid that helped 
create the great chambers of Carlsbad Caverns was generated from sulfur 
dioxide (and hydrogen sulide) from subterranean fossil-fuel deposits. 
WWhen we burn these fossil fuels, the reactants that produce sulfuric acid are 
emitted into the atmosphere. Each year, for example, about 20 million tons 
of SO; is released into the atmosphere by the combustion of sulfur-con- 
taining coal and oil. Sulfuric acid is mụch stronger than carbonic acid, and 
as a result rain laced with sulfuric acid eventually corrodes metal, paint, and 
other exposed substances. Each year the damage costs billions of dollars. 
The cost to the environment is also hiph (Eigure 10.14). Many rivers and 
lakes receiving acid rain become less capable of sustaining lifc. Much vege- 


(b) 


Figure 10.14 

The two photographs in (a) show the same obelisk . 
before and after the effects of acid rain. (b) Many forests 
downwind from heavily industrialized areas, sụch as in 

the northeastern United States and in Europe, have 

been noticeably hard hit by acid rain. 
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tatlon that receives acid rain doesnt survive. This is particularly evident ¡in 
heavily industrialized regions. 
Concept Check v 
When sulfuric acid, H;SO„, is added to water, what makes the resulting 
aqueous solution corrosive? 
Was this YOUFT anSW€F? Because H;SO¿ is a strong acid, it readily forms hydronium ions when dis- 
solved in water. Hydronium ions are responsible for the corrosive action. 
The environmental impact of acid rain depends on local geology, as 
Figure 10.15 ilÌustrates. In certain regions, such as the midwestern United 
States, the ground contains significant quantities of the alkaline compound 
calcium carbonate (limestone), deposited when these lands were submerged 
Rain is acidified as it 
falls through the air. 
@) Acid enters lake from rain. 
đền @) Hydronium ions are neutralized 
: by calcium carbonate released 
from limestone. 
Limestone 
` 2 H;O† + CaCO; —> 3 H;O + CO; + Ca2† 
Rain is acidified as ít 
falls through the air. 
(2) Acid enters lake from rain. 
Figure 10.15 
@) Hydronium ion concentration (a) The damaging effects of acid rain 
increases, with potential do not appear in bodies of fresh water 
harm to the ecosystem. lined with calcium carbonate, which 


(b) Granite rock protected. 


neutralizes any acidity. (b) Lakes and 
rivers lined with inert materials are not 
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Figure 10.16 

Most chalks are made from calcium 
carbonate, which is the same chemical 
found in limestone. The addition of 
even a weak acid, such as the acetic 
acid of vinegar, produces hydronium 
ions that react with the calcium car- 
bonate to form several products, the 
most notable being carbon dioxide, 
which rapidly bubbles out of solution. 
Try this for yourselfI lf the bubbling is 
not as vigorous as shown here, then 
the chalk is made of other mineral 
components. 


under oceans 200 million years ago. Acid rain pouring into these regions is 
often neutralized by the calcium carbonate before any damage is done. (Fig- 
ure 10.16 shows calcium carbonate neutralizing an acid.) In the northeast- 
ern United States and many other regions, however, the ground contains 
very little calcium carbonate and is composed primarily of chemically less 
reactive materials, such as granite. In these regions, the effect of acid rain 
on lakes and rivers accumulates. 

One demonstrated solution to this problem is to raise the pH of acid- 
iñed lakes and rivers by adding calcium carbonate—a process known as 
zing. The cost of transporting the calcium carbonate coupled with the 
need to monitor treated water systems closely limits liming to only a small 
fracuon of the vast number of water systems already affected. Further- 
more, as acid rain continues to pour into these regions, the need to lime 
also continues. 

A longer-term solution to acid rain is to prevent most of the generated 
sulfur dioxide and other pollutants from entering the atmosphere in the 
ñrst place. Toward this end, smokestacks have been designed or retrofitted 
to minimize the quantities of pollutants released. Though costly, the posi- 
tive efects of these adjustments have been demonstrated, as we discuss in 
Section 17.2. An ultimate long-term solution, however, would be a shift 
from fossil fuels to cleaner energy sources, such as nuclear and solar energy, 
as we discuss in Chapter 19. 


Concept Check v 


What kind of lakes are protected against the negative effects of acid rain? 


Was this Y0uf ânSWeF? Lakes that have a floor consisting of basic minerals,such as limestone, are 
more resistant to acid rain because the chemicals of the limestone (mostly calcium carbonate, CaCO:) 
neutralize any incoming acid. 


It should come as no surprise that the amount of carbon dioxide put 
into the atmosphere by human activitiles is prowing. What is surprising, 
however, is that studies indicate that the atmospheric concentration of CÔ» 
is not increasing proportionately. Á likely explanation has to do with the 
oceans and ¡s illustrated ¡n Figure 10.17. hen atmospheric CO; dissolves 
¡in any body of water—a raindrop, a lake, or the ocean——it forms carbonic 
acid. In fresh water, this carbonic acid transforms back to water and carbon 
dioxide, which ¡s released back ¡into the atmosphere. Carbonic acid ¡n the 
ocean, however, is quickly neutralized by dissolved alkaline substances such 
as calclum carbonate (the ocean is alkaline, pH => 8.2). The products of this 
neutralization eventually end up on the ocean Ẩoor as insoluble solids. 
Thus carbonic acid neutralization in the ocean prevents CÔ; from being 
released back into the atmosphere. The ocean therefore is a carbon dioxide 
sz—most of the CO; that goes in doesnt come out. So, pushing more í 
CO; into our atmosphere means pushing more 0Ý it into our vast oceans. 
Thịs ¡s another of the many ways in which the oceans regulate our global 
environment. 
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Carbon dioxide 
is absorbed 
and released. 


là dã CO; 


Sa 6n no, 


Carbon dioxide 


| is absorbed. 
rÐ 


CO, TH HO —m. H;COa 


Deposits on ocean floor 


Nevertheless, as Figure 10.18 shows, the concentration of atmospheric 
CO; Z;1ncreasing. Carbon dioxide ¡s being produced faster than the ocean can 
absorb it, and this may alter the Earthš environment. Carbon dioxide is a 
&@rv£rĐo/sẽ g2s, which means it helps keep the surface of the Earth warm by 
preventing infrared radiation from escaping into outer space. ÑWithout green- 
house gases in the atmosphere, the Earths surface would average a frigid 
—18”C. However, with increasing concentration o£ CO; ¡n the atmosphere, 
we mipht experience higher average temperatures. Hipher temperatures may 
sigmiicantly alter global weather patterns as welÌ as raise the average sea level 
as the polar Ice caps melt and the volume of seawater increases because of ther- 
mail expansion. Global warming ¡s explored ¡in more detail in Section 17.4. 

So we índ that the pH of rain depends, ¡n great part, on the concen- 
tration of atmospheric CO;, which depends on the pH of the oceans. 
Thhese systems are interconnected with global temperatures, which naturally 
connect to the countless living systems on the Earth. How true it is—all the 
p2rts are intricately connected, down to the level of atoms and moleculesl! 
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* ppm = parts per million, which tells us the number of carbon 
dioxide molecules for every million molecules of air. 


Figure 10.17 

Carbon dioxide forms carbonic acid 
upon entering any body of water. Ín 
fresh water, this reaction is reversible, 
and the carbon dioxide is released 
back into the atmosphere. In the alka- 
line ocean, the carbonic acid is neutral- 
ized to compounds such as calcium 
bicarbonate, Ca(HCO:);, which precipi- 
tate to the ocean fÌoor. As a result, 
most of the atmospheric carbon diox- 
ide that enters our oceans stays there. 


Figure 10.18 

Researchers at the Mauna Loa Weather 
Observatory in Hawaii have recorded 
increasing concentrations of atmo- 
spheric carbon dioxide since they 
began collecting data in the 19505. 
The oscillations of this graph reflect 
seasonal changes in CO; levels. 
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10.5 Buffer Solutions ' 


A buffer solution is any solution that resists large changes ¡n pH. Buffer 
solutions work by containing two components. Qne component neutralizes 
any added base, and the other neutralizes any added acid. Effective buffer 
solutions can be prepared by mixing a weak acid with a salt of the weak 
acid. An example would be a mixture ofacetic acid, C,HÕ2, and sodium 
acetate, NaC;H„O;. This salt can be made by reacting acetic acid with 
sodium hydroxide. 


©œ H ĐO 
Š MN. s : M-rHo 
H“Ị “`O—H 20000. T7 
/mÌ H 
Acetic acid Sodium acetate 
(weak acid) (salt of weak acid) 


To make the buffer solution, a solution of acetic acid and a solutlon of 
sodium acetate are combined. To understand how this buffer solutlon 
resists changes in pH, ñrst recall what happens when a strong acid ¡s added 
to plain water, as in Figure 10.10b. The pH of the solution quickly đ2crzsés 
because the concentration o£ hydronium ions increases. Add a strong base 
to plain water, and you quickly Zzcz¿zs£ the pH by decreasing the relative 
concentration of hydronium !1ons, as in Eigure 10.10c. 

Add the strong acid HCI to an acetic acid—sodium acetate buffer solu- 
tion, however, and the HT ions produced by the HC] do not stay In solu- 
tion to lower the pH because they react with the acetate ions, C;HzO;_, 
of sodium acetate to form acetic acid, as shown In Figure 10.19. (ÑRemem- 
ber that acetic acid, being a weak acid, stays mostly in its molecular form, 


NaTCI” 


Sodium 


Acetic acid chloride 


Figure 10.19 

Hydrochloric acid added to a solution containing acetic acid 
and sodium acetate is neutralized by the sodium acetate to 
form additional acetic acid. 
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Figure 10.20 


and water, 


sodium hydroxide added to a solution containing acetic acid and sodium 
acetate is neutralized by the acetic acid to form additional sodium acetate 


Ọ 
| 


C~C 
H]. “*o~n 
H 


Acetic acid 


HG;H2O;, and so does not contribute hydronium 
lons to the solution.) Add the strong base NaOH 
to the acetic acid—-sodium acetate buffer solution, 
and the OH” ions produced by the NaOH do not 
stay in solution to raise the pH because they combine with HỶ ions from 
the acetic acid to form water, as shown in Figure 10.20. 

So, strong bases and acids are neutralized by the components ofa buffer 
solution. This does not mean that the pH remains unchanged, however. 
When NaOH ¡s added to the buffer system we are using as our example, 
sodium acetate is produced. Because sodium acetate behaves as a weak base 
(ít accepts hydrogen ions but not very well), there is a slipht increase In pH. 
WWhen HC ¡s added, acetic acid ¡s produced. Because acetic acid behaves as 
a weak acid, there is a slipht decrease In pH. Buffer solutions therefore resist 


only /zzø£ changes In pH. 


Sodium acetat€ 


Concept Check v 


Why must a buffer solution consist of at least two dissolved components? 


Was this Yy0uUur aânSW€F? One component is needed to neutralize any incoming acid, and the 
second component is needed to neutralize any incoming base. 


There are many different buffer systems useful for maintaining partic- 
ular pH values. The acetic acid-sodium acetate system ¡s good for main- 
taining a pH around 4.8. Buffer solutions containing equal mixtures oÊ a 
weak base and a salt of that weak base maintain alkaline pH values. Eor 
example, a buffer solution o£ the weak base ammonia, NHạ, and ammo- 
nium chloride, NH„C|], ¡s useful fo maintaining a pH about 9.3. 

Blood has several buffer systems that work together to maintain a nar- 
row pH range between 7.35 and 7.45. Á pHl value above or below these lev- 
els can be lethal, primarily because cellular proteins become 2/2, 
which is what happens to milk when vinegar is added to ít. 


H O 
' 
Hy. 6n... 
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Sodium acetate 
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H 
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Figure 10.21 
Carbonic acid and sodium bicarbonate. 


Â%ÂẦ¬.c. ẽ W6 
œ Ñ. h " St, 
cào - Ñ—=ỦO 
Carbonic acid Sodium bicarbonate 
(weak acid) (salt) 


The primary buffer system of the blood is a combination of carbonic 
acid and its salt sodium bicarbonate, shown in Eigure 10.21. Any acid that 
builds up in the bloodstream is neutralized by the basic action of sodium 
bicarbonate, and any base that builds ưp is neutralized by the carbonic 
acid. 

The carbonic acid in your blood ¡s formed as the carbon dioxide pro- 
duced by your cells enters the bloodstream and reacts with water——this 1s 
the same reaction that occurs in a raindrop, as we discussed earlier. You 
ñne-tune the levels of blood carbonic acid, and hence your blood pH, by 
your breathing rate, as Figure 10.22 illustrates. Breathe too slowly or hold 
your breath and the amount of carbon dioxide (and hence carbonic acid) 
builds up, causing a slipht but signifcant drop in pH. Hyperventilate and 
the carbonic acid level decreases, causing a slight but sipnifÑcant tIncrease In 
pH. Your body uses this mechanism to protect itself from changes in blood 
pH. One of the symptoms of a severe overdose of aspirin, for example, 1s 
hyperventilation. Aspirin, also known as acetylsalicylic acid, ¡s an acidic 
chemical that when taken ¡n large amounts can overwhelm the blood 
buffering system, causing a dangerous drop in blood pH. As you hyper- 
ventilate, however, your body loses carbonic acid, which helps to maintain 
the proper blood pH despite the overabundance of the acidic aspirin. 


(a) (b) 


Figure 10.22 

(a) Hold your breath, and CO; builds up in your bloodstream. This increases the amount of 
carbonic acid, which lowers your blood pH. (b) Hyperventilate and the amount of CO› in your 
bloodstream decreases. This decreases the amount of carbonic acid, which raises your blood pH. 


In Perspective 


To summarize the concepts of this chapter, consider the gardener shown in 
Figure 10.23. Using a pH-measuring kít, the gardener has found that the 
soil pH is unacceptably low, perhaps because of local atmospheric pollu- 
tants, which may arise from natural or human-made sources. At this low 
pH, the soil contains an overabundance of hydronium ions, which react 
with many of the basic nutrients of the soil, such as ammonia, to form 
water-soluble salts. Because of their water solubility, these nutrients in their 
salt form are readily washed away with the rainwater, and as a result the soil 
becomes nutrient-poor. The mechanism by which plants absorb whatever 
nutrilents do remain in the soil ¡s also disturbed by the soils low pH. 

As a result of all this, most plants do not grow well in acidic soil. To 
remedy this, the gardener spreads powdered limestone, a form o£ calcium 
carbonate, CaCOs, which neutralizes the hydronium ions, thus raising the 
pH toward neutral. 

[nterestinply, the calclum carbonate reacts with the acidic soil to form 
carbon dioxide gas, which ¡in the atmosphere helps to keep rainwater 
slightly acidic. Thịs is the same gas that is generated by the cells of our bod- 
1es and tends to acidify our blood. The blood pH, however, is kept fairly 


constant at around 7.4 because it is buffered. 
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Figure 10.23 

Raising the pH of garden soil by 
the addition of an alkaline mineral 
Is khown as liming. 
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Key Terms and Matching Definitions 


acid 

acidic solution 
amphoteric 
base 

basic solution 
buffer solution 
hydronium Ion 
hydroxide ion 
neutral solution 
neutralization 
pH 

salt 


. Á substance that donates hydrogen Ions. 
. Á substance that accepts hydrogen Ions. 


. Á water molecule after losing a hydrogen Ion. 
. An ionic compound formed from the reaction 
between an acid and a base. 

6. A reaction in which an acid and base combine 
to form a saÌt. 

7. A description o£a substance that can behave 
as either an acid or a base. 

8. A solution in which the hydronium Ion con- 
centration ¡s hipher than the hydroxide lon 
COnCentration. 

9. A solution in which the hydroxide ion con- 
centration ¡is hipher than the hydronium Ion 
COPncentration. 

10. A solution in which the hydronium Ion 
concentration ¡is equal to the hydroxide lon 
COncentration. 

11. A measure of the acidiry of a solution, equal to 
the negative of the base-10 logarithm of the 
hydronium ion concentration. 

12. A solution that resists large changes in pH, 
made from either a weak acid and one oÝ its 
salts or a weak base and one of its saÏts. 


| 
3) 
3. A water molecule after accepting a hydrogen ion. 
4 
2 


Review Quesfions 
Acids Donate Protons, Bases Accept Them 


1. What are the Brønsted-Lowry deRlnitions of 
acid and base? 


2. When an acid ¡s dissolved in water, what ion 
does the water form? 


3. hen a chemical loses a hydrogen ion, Is it 
behaving as an acid or a base? 


4. Does a salt always contain sodium 1ons? 


5. \NVhat two classes of chemicals are involved In a 
neutralization reaction? 


Some Acids and Bases Are Stronger Than Others 


6. What does it mean to say that an acid ¡s strong 
in aqueous solution 


7. What happens to most of the molecules ofa 
strong acid when the acid is mixed with water? 


8. Why does a solution ofa strong acid conduct 
electricity better than a solution ofa weak acid 
having the same concentration? 


9, Which has a greater ability to accept hydrogen 
lons: a strong base or a weak base? 


10. When can a solution ofa weak base be more 
corrosive than a solution o£ a strong base? 


Solutions Can Be Acidic, Basic, or Neutral 


11. Is it possible for a chemical to behave as an acid 
in one Iinstance and as a base in another Iinstance? 


12. Is water a strong acid or a weak acid? 
13. Is K,„a very large or a very small number? 


lá. As the concentration of HạO” ions in an 
aqueous solution Increases, what happens to 
the concentration o£ OH” lons? 


15. Nhat is true about the relative concentrations 
of hydronium and hydroxide ions in an acidic 
solution? How about a neutral solution? A basic 
solution? 


16. Nhat does the pH of a solution indicate? 


17. As the hydronium ion concentration of a solu- 
tion Iincreases, does the pH of the solution 
Increase or decrease? 


Rainwater Is Acidic and Ocean Water ls Basic 


18. What ¡s the product o£ the reaction between 
carbon dioxide and water? 


19. How can rain be acidic and yet not qualify as 
acid rain? 


20. What does sulfur dioxide have to do with acid 


rain? 


21. How do humans generate the air pollutant 
sulfur dioxide? 


22. How does one lime a lake? 


23. Why arent atmospheric levels of carbon dioxide 
rising as rapidly as might be expected based on 
the increased output oÊ carbon dioxide resulting 
from human activities? 


Buffer Solutlons Resist Changes ín pH 
24. What is a buffer solution? 
25. A strong acid quickly drops the pH when added 


to water. Not so when added to a buffer solu- 


tion. WWhy? 


26. Do buffer solutions 2z or 72//07/ changes 
in pH? 


27. Why is it so important that the pH of our 
blood be maintained within a narrow ranse 
of values? 


28. Holding your breath causes the pH of your 
blood to decrease. Why? 


Hands-On Chemistry Insights 
Rainbow Cabbage 


The change in color ofa pH indicator 1s not perma- 
nent. Red cabbage juice brought to a pH of 4 turns 
red. Thịs same solution brought to a pH of 8 turns 
green and then red again as ¡t is brought back to a 
pH o£4. To demonstrate this, add a teaspoon o£ bak- 
¡ng soda to the glass/cup to which you originally 
added the vinegar. The soluuon should turn green. 
(Why does this addition of baking soda also result in 
bubbling?) Add vinegar again to bring the color back 
to red. 

Here ¡is another interesting experiment. Boil a 
whole head of red cabbage for abơut 20 minutes to 
obtain a concentrated solution. Place several table- 
spoons of the concentrated broth ¡n a large colorless 
glass container. Note the color of the broth and esti- 
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mate the pH (the extract ¡s acidic). Then quickly 
pour water into the container, carefully watching for 
any change in color. What does the changtng color 
tell you about change in pH as you add the water? 
Does the pH go up or down? How can adding pure 
water change the pH ofa solution? 


Ex€rCISeS 


1. Suggest an explanation for why people once 
washed their hands with ashes. 


2. What is the relationship between a hydroxide 
lon and a water molecule? 


3. An acid and a base react to form a salt, which 
COnsists Of positive and negative Ions. Which 
forms the positive Ions: the acid or the base? 
Which forms the negative ions? 


4. \Water 1s formed from the reaction between an 
acid and a base. Why ¡is water not classiled as 
a saÌt? 


5. Identify the acid or base behavior of cach sub- 
stance ¡n these reaCtIOns: 
4 HO” +(ŒI/ S1. 11 
B HPO, ft nẽ 55. 
Sỉ 9 0n s0 — Ji G2 SG) 


6. Identify the acid or base behavior of cach sub- 
stance In these reactIOns: 
a2. HồO, TH“ S 0H... ii ., 
h5 6220/0000 (0) -/122 (0). 


7. Sodium hydroxide, NaOH, is a strong base, 
which means It readily accepts hydrogen 1ons. 
WWhat products are formed when sodium 
hydroxide accepts a hydrogen Ion from a 
water molecule? 


8. What happens to the corrosive properties of an 
acid and a base after they neutralize cach other? 


Why? 


9, Nhat does the value o£ K,„ say about the extent 
to which water molecules react with one 
another? 


10. Why do we use the pH scale to indicate the 
acidity ofa solution rather than simply stating 
the concentration o£ hydronium I1ons? 
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The amphoteric reaction between two water 
molecules is endothermic, which means the 
reaction requires the input of heat energy In 
order to procecd: 


energy + H;O + HO —> HạO” + OH~ 


The warmer the water, the more heat energy Is 

available for this reaction, and the more hydro- 

nium and hydroxide ions are formed. 

a. Does the value of K,„ Increase, decrease, or 
stay the same with increasing temperature? 

b. Whiích has a lower pH: pure water that 1s 
hot or pure water that ¡s cold? 

c. Ïs it possible for water to be neutral but have 
a pH less than or greater than 7.0? 


The pOH scale indicates the “basicity” of a 
solution, where pÒOH = —log[OH ]. For any 
solution, what is the sum pH + pOH always 
equal to? 


WWhen the hydronium ion concentration oFa 
solution equals I1 mole per liter, what is the pH 
of the solution? Is the solutlon acidic or basic? 


WWhen the hydronium Ion concentration ofa 
solution equals 10 moles per liter, what 1s the 
pH of the soluuon? Is the soluton acidic or 
basic? 


Nhat is the concentration of hydronium ions In 
a solution that has a pH of —3? Why is such a 
solution impossible to prepare? 


Nhat happens to the pH ofan acidic solution 


as pure water Is added? 


A weak acid ¡s added to a concentrated solution 
of hydrochloric acid. Does the solution become 
more or less acidic? 


Nhat happens to the pH o£ soda water as It 


loses its carbonation? 


WWhy might a small piece of chalk be useful for 


alleviating acid indigestion? 


How mipht you tell whether or not your tooth- 
paste contained calcium carbonate, CaCOa, or 

perhaps baking soda, NaHCOs, without look- 

Ing at the ingredienrs label? 


WWhy do lakes lying in granite basins tend to 
become acidifed by acid rain more readily than 
lakes lying in limestone basins? 


20 


Ti 


24. 


S250) 


SIố, 


2/0 


28. 


Cutting back on the pollutants that cause acid 
rain is one solution to the problem of acidiied 
lakes. Suggest another. 


How might warmer oceans accelerate global 
warming? 


Sodium bicarbonate, NaHCOa, 


Sodium bicarbonate 
(salt) 


is the active ingredient of baking soda. Compare 
this structure with those of the weak acids and 
weak bases presented ¡n this chapter and explain 
how this compound by itselfin solution moder- 
ates changes in pH. 


Hydrogen chloride ¡s added to a buffer solution 
of anmonia, NHà, and ammonium chỉloride, 
NH,C]. What is the effect on the concentration 
of ammonia? Ôn the concentration of ammo- 
nium chloride? 


Sodium hydroxide ¡s added to a buffer solution 
o£ anmonia, NHa, and ammonium chloride, 
NH¿CI. What ¡s the efect on the concentration 
of ammonia? ©n the concentration of ammo- 
nium chỈloride? 


At what point will a buffer solution cease to 
resist changes in pH? 


Sometimes an Individual going throuph a trau- 
matic experlence cannot stop hyperventilating. 
In such a circumstance, ¡t is recommended 
that the individual breathe into a paper bag or 
cupped hands as a useful way to avoid an 
Increase In blood pH, which can cause the 
person to pass out. Explain how this works. 


Problems 


JỆ 


2. 


Nhat 1s the hydroxide ion concentration in 
an aqueous solution when the hydronium ion 
concentration is 1 < 1019 mole per liter? 


When the hydronium lon concentration ofa 
soludon is 1 < 10~19 mole per liter, what is 
the pH of the solution? Is the solution acidic 
or basic? 
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3. ÑWhen the hydronium ion concentration o£fa Exploring Further 
solution ¡is 1  10~ mole per liter, what is the 
pH of the solution? Is the solution acidic or £ HP Taäal) HU öES9 bại la áo 
basic? http://www.carlsbad.caverns.national-park.com/info.htm 


http://www.nps.gov/maca 


4. Nhat ¡s the hydroxide ion concentration in an http://www.mammoth.cave.national-park.com/info.htm 


aqueous solution having a pH o£ 5 Check these official and unofficial sites for 

5. When the pH ofa solution is 1, the concen- Carlsbad Caverns National Park and Mammoth 
tration of hydronium ions is 1 X 10~1 4= Cave National Park for details on how these 
0.1 4. Assume that the volume of this solution underground landmarks formed. Ample travel 
1s 500 mL and that the solution is not buffered. Information is included. 


What ¡s the pH after 500 mL oÊ pure water is 
added? You will need a calculator with a loga- 
rithm function to answer this question. 


http://www.epa.gov 
Go to this home page for the Environmenral 
Protection Agency and use Z2 77w as a key- 
word ¡n the agencys search engine to ñnd 


numerous articles on this subject. 
Answers to Calculation Corner 
http://mlso.hao.ucar.edu/cgi-bin/mlso_homepage.cdgi 


Logarithms and pH Thịs address itemizes the atmospheric projects 
An. .. 0710 1716 of the Climate Monitoring and Diagnostic Lab- 
rephrased as “To what power is 10 raised to oratory of the Mauna Loa Weather Cbservatory. 
give the number 105?” 'The answer is 5. Links to the Network for the Detection of 


Stratospheric Changes are included. 
2. You should know that 100,000 ¡s the same as 


102. Thus the logarithm of 100,000 ¡s 5. 
3. The pH ¡s 9, which means this is a basic 


solution: vGnEtrsry 
pH = -log[HzO”] dư 
Sỉ ThỘ LAN Acids and Bases 


== Visit The Chemistry Place at: 
=U WWwWw.aw.com/chemplace 


. 1 
Transferring Hect ˆOnS 


What do our bodies have in common with the burning of a campfire or the 
rusting of old farm equipment? Why does silver tarnish? How can aluminum 
restore tarnished silver? Why is it unwise for people with fillings in their teeth 
to bite down on aluminum foil? How do batteries work and what is the 
source of their energy? Why is hydrogen the ultimate fuel of the future? The 
answers to all these questions involve the transfer of electrons from one sub- 
stance to another. These kinds of chemical reactions are the main focus of 
this chapter. 

As we learned in Chapter 9, chemicals that react with one another are 
called reactants. In the process of reacting, the reactants form new chemicals 
known as products. In an acid-base reaction, a proton is transferred from one 
reactant to another. In this chapter we look at a class of reactions in which 
one or more electrons are transferred from one reactant to another. These 
types of reactions are called oxidation-reduction reactions. 
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Reduction ls the Gain of Electrons 


Oxidation ¡s the process whereby a reactant loses one or more electrons. 
Reduction ¡s the opposite process whereby a reactant gains one or more eÌec- 
trons. Oxidation and reduction are complementary processes that occur at 
the same time. They always occur together; you cannot have one without the 
other. The electrons lost by one chemical in an oxidation reacuon dont sim- 
ply disappear; they are gained by another chemical in a reduction reaction. 

An oxidation-reduction reaction occurs when sodium and chỈorine 
react to form sodium chloride, as shown in Figure 11.1. The equation for 
this reactlion 1s 


2Na + Clạ —> 2NaCl 


'To see how electrons are transferred ¡n thís reaction, we can look at each reac- 
tant individually. Each electrically neutral sodium atom changes to a pOSI- 
tively charged ion. We can also say that cach atom loses an electron and is 
therefore oxidized: 


Figure 11.1 + ca 
In the formation of sodium chloride, 2ÌNãa =6 l0... 2c Oxidation 
sodium metal is oxidized by chlorine 


as and chlorine gas is reduced b : : , 
vả SH Ỷ Each electrically neutral chlorine molecule changes to two negatively charged 


lons. Each of these atoms gains an electron and ¡s therefore reduced: 
CÌ; +2e — 2C] Reduction 


The net result ¡s that the two electrons lost by the sodium atoms 
„ are transferred to the chlorine atoms. Therefore, each of the two 


VY equations shown above actually represents one haÏÌf of an entire 
: y" process, which ¡is why they are each called a half reaction. In other 
Tu words, an electron worrt be lost from a sodium atom without there 


being a chlorine atom avallable to pick up that electron. Both half 
reactlons are required to represent the 
ðøÏe£ oxidation-reduction process. 
Half reactlons are useful for showing 
which reactant loses electrons and 


di < SÔNG: . Voi z4 xwy2, - which reactant gains them, which 
. — .-. b7”. 7x 
XU _ - : #vc ii 16 Why ha|f reactions are used 
v5 „mm - - ~«- š *%G S“n dệ R 
Ms) U it ;+i — throughout this chapter. 


Because the sodium causes 
reducton of the chlorine, the 
sodium is acting as a redluCig 4Q€nt,. 


xin AÁ reducing agent is any reactant that 

P .~ causes another reactant to be reduced. 
(SH, : : Tế : 

TUÊN Note that sodium ¡s oxidized when ít 


ưu behaves as a reducing agent—it loses elec- 
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trons. Conversely, the chlorine causes oxidation of the sodium and so is act- 
Ing as an øx/7z/2ø age#. Because it gains electrons in the PrOC€ss, an oxi- 
dizing agent is reduced. Just remember that Íoss of electrons is oxidation, 
and gain of electrons is reduction. Here is a helpful mnemonic adapted 
trom a once-popular children5 story: Leo the lion went “ger.” 

Different elements have different oxidation and reduction tendencies— 
some lose electrons more readily, while others gain electrons more readily, 
as Figure ] 1.2 ilustrates. The tendency to do one or the other is a function 
of how strongly the atoms nucleus holds electrons. The reater the effective 
nuclear charge (Section 5.8), the greater the tendency of the atom to øZ/ 
electrons. Because the atoms of elements at the upper right of the perlodic 
table have the strongest effective nuclear charges (with the noble gases 
cxcluded), these atoms have the greatest tendency to gain electrons and 
hence behave as oxidizing agents. The atoms of elements at the lower left 
of the periodic table have the weakest effective nuclear charges and there- 
fore the greatest tendency to /2s£ electrons and behave as reducing agents. 


Concept Check v 


True or false: 
1. Reducing agents are oxidized in oxidation-reduction reactions. 
2. Oxidizing agents are reduced in oxidation-reduction reactions. 


Were these YOUFT afISWFS? Both statements are true. 


II2_ Photography Works by Selective 
Oxidation and Reduction 


Lay some wax paper on the back of an open unloaded camera as shown In 
Eigure 11.3. Hold the shutter open, then focus. Voilal You have an Image. 
Let the shutter close, however, and the image is gone. This 1s the same 
image that forms on the photographic ñÌm inside a loaded camera. The dif- 
ference between the ñÏm and the wax paper 1s that the ñÌm 1s able to retain 
the image after the shutter has closed. How does it do that? The answer has 
to do with oxidation—-reduction chemistry. 

Follow the steps in Eigure I1.4 on page 340 as you read this simpliffed 
explanation of how a black-and-white photograph 1s produced. 


1. Unexposed black-and-white photographic fñiÌm is a transparent strip of 
plastic coated with a gel containing microcrystals of silver bromide, 
AgBr. Lipht refected from the subject being photographed passes 
through the camera lens and ¡s focused on these microcrystals. The 
light causes many of the bromiđe ions in the microcrystals to oxidize. 
The electrons set loose by this oxidation are transferred to the silver 
ions, which are thereby reduced to opaque silver atoms. The more lipht 
received by a microcrystal, the greater the number of opaque silver 


Little tendency to 
lose or gain electrons 


KT ái 


More likely to behave as oxidizing 
agent (be reduced) 


More likely to behave as reducing 
agent (be oxidized) 


Figure 11.2 

The ability of an atom to gain or lose 
electrons is a function of its position in 
the periodic table. Those at the upper 
right tend to gain electrons, and those 
at the lower left tend to lose them. 


Figure 11.3 

A camera can be used to focus an 
image on wax paper as well as it does 
on photographic film. 
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đ) The film is exposed. @) The fiÌm is developed. 


Light-tight 


Camera lens container 


Hydroquinone 
solution (CaHaO;) 


Microcrystal Ag 


of AgBr 
“hổ — ` Xẹ 1) =+ 
Oxdaton Br” ——> Br+e_- Oxidation 2C,H,O; —_ 2C,HO; +2e +2HT 
Reduction Ag” Thế => Ag Reduction 2AgBr n BT" 2Ag se. 2 l0 


@) The film is fixed and washed. (4) The negative is dark where Ag” ions have @) Light projected through the negative is captureơ 
been reduced to metallic silver. on photographic paper as a positive image. 


5195989999568 9598% 


Hypo solution = 
(NazS2O;) followed l 
by water wash. 


Figure 11.4 
Black-and-white photography involves a series of oxidation-reduction reactions. 


atoms formed. In this way, the photographic Image 1s encoded, and the 
Rñm ¡s said to have been ¿x2øs¿ 


2. The lipht refected from the subJect does not typically result in the for- 
matlon o£ enouph silver atoms to make a visible image. [he more silver 
atoms a microcrystal contains, however, the more susceptible it is to fur- 
ther oxidation—reduction reactlons. lo make a visible Image, the photog- - 
rapher puts the ñÍm in a light-tight container to prevent further exposure. 
Then the fiÌm ¡s treated with a reducing agent, such as hydroquinone, 
C¿H,O;, which reveals the encoded image by causing the formation of 
many more opaque silver atoms. Through this step the image Z£e/øøs. 
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Hands-On Chemistry: Silver Lining 


Tarnish on silverware is a coating of silver sulfide, Ag;5, an ionic compound 
consisting of two silver ions, Ag?, and one sulfide ion, S2~. Tarnishing begins 
when silver atoms in the silverware come into contact with airborne 
hydrogen sulfide, H;S, a smelly gas produced by the digestion of food in 
mammals and other organisms. The half reaction for the silver and hydrogen 
sulfide is 


4Ag †2H;S —> 4Ag” +4H†+25?2 +4eT Oxidaton 


The silver ions and sulfide ions combine to form blackish silver sulfide, while at 
the same time the hydrogen ions and electrons combine with atmospheric 
Ooxygen to form water: 


4H +4e + O; — 2H,O Reduction 


The balanced chemical equation for the tarnishing of silver is the combination 
of these two half reactions: 


From these equations we see that the hydrogen sulfide causes the silver to 
lose electrons to oxygen. To restore the silver to its shiny elemental state, we 
need to return the electrons it lost. The oxygen wont relinquish electrons back 
to silver, bụt with the proper connection, aluminum atoms will. 


What You Need 


Very clean aluminum pot (or non-aluminum pot and aluminum foil), water, 
baking soda, piece of tarnished silver 


Procedure 


(Ù Put about a liter of water and several heaping tablespoons of baking 
soda in the aluminum pot or the non-aluminum pot containing alu- 
minum foil. 


(2) Bring the water to boiling and then remove the pot from the heat 
SOUrce. 


@) Slowly immerse the tarnished silver; you'Ìl see an immediate effect as 
the silver and aluminum make contact. (Add more baking soda if you 
donrt.) Also, as the silver ions accept electrons from the aluminum and 
are thereby reduced to shiny silver atoms, the sulfide ions are free to 
re-form hydrogen sulfide gas, which is released back into the air. You 
may smell itl 


The baking soda serves as a conductive ionic solution that permits electrons to 
move from the aluminum atoms to the silver ions. What is the advantage of 
this approach over polishing the silver with an abrasive paste? 


Conccptual 
Chemistru 
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3. The reduction of silver ions by the hydroquinone developing solution 
is stopped by treating the film with a solution of sodium thiosulfate, 
NazSaOa, also called either Øyøø or ƒ2xZzg soluzøz. The thiosulfate 
ion, S9 sờ. binds with any unreduced silver lons to form a water- 
soluble salt. Subsequent washing with water removes everything 
except the silver atoms adhering to the film, which are most abundant 
where the greatest amount of light hit the fñlm when the photograph 
was taken. The fñiÏm is now x42 


4. Because the silver atoms are opaque, the ñÏm appears as a 76⁄//, 
which is dark where the subject was lipht and lipht where the subject 
was dark. 


5. Light is projected through the negative onto photographic paper, 
which is developed using the same reactions that produced the nega- 
tive. The resulting developed image is a negative of the negative—in 
other words, a positIive print. 


Color photographic film ¡s coated with a variety of chemicals that 
respond to light of different frequencies (colors). Thhere are more 
oxidation-reduction reactions involved ¡n the developing ofa color pho- 
tograph, but the basic principle ¡s the same——the selective reduction of 
only those chemicals exposed to lipht. Digital photography, by contrast, 
is an outerowth of photovoltaic cells, which are made of metalloids, such 
as silicon, that lose electrons upon exposure to lipht. We explore photo- 
voltaic cells in Chapter 19 in our discussion of energy sources. 


Concept Check v 


Would a photographic negative be mostly transparent or mostly opaque 
if the camera shutter remained open too long and too much light fell on 
the film? What would the positive print from this negative look like? 


Were these Yÿ0UF anSWeFS? The more light that hits the film,the greater the number of silver ions 
reduced by the bromide ions or hydroquinone. The reduction of the silver ions results in opaque silver 
atoms that adhere to the film. Such an overexposed negative,therefore,would be mostly opaque because 
of all the opaque silver atoms. 

The positive print would be very light because there would be very little liqght passing through the 
negative to sensitize the silver ions in the photographic paper. 


11.5 The Energy of Howing Electrons Can Be Harnessed 


Electrochemistry ¡s the study of the relationship between electrical energy 
and chemical change. Ït Involves either the use of an oxidation-reduction 
reaction to produce an electric current or the use of an electric current to 
produce an oxidation-reduction reaction. 

To understand how an oxidation-reduction reaction can generate an 
electric current, consider what happens when a reducing agent ¡s placed in 
direct contact with an oxidizing agent: electrons fow from the reducing 
agent to the oxidizing apent. Lhis fow of electrons ¡s an electric current, 
which is a form of kinetic energy that can be harnessed for useful purposes. 
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__ lron atoms, Fe, for example, are better reducing agents than copper 
lons, Cu”. So when a piece of iron metal and a solution COntaining cop- 
per lons are placed in contact with each other, electrons fow from the iron 
atoms to the copper ions, as Eigure 11.5 illustrates. The result is the oxida- 
tion oF iron atoms and the reduction of copper ions. 


lron nail 


Aqueous solution 
Of copper ions 


Oxidaion Fe —> Fe?” + 2e” 


Rinnn co 2 € T=ẤS (Ú 


Figure 11.5 

A nail made of iron placed in a solution of Cu2? ions oxidizes to Fe2† ions, which dissolve in the 
water. At the same time, copper ions are reduced to metallic copper, which coats the nail. (Nega- 
tively charged ions, sụch as chloride ions, Cl”, must also be present to balance these positively 
charged ions in solution.) 


The elemental iron and copper Ions need not be ¡n physical contact in 
order for electrons to fow between them. If they are in separate containers 
but bridged by a conducting wire, the electrons can flow from the iron to 
the copper Ions throuph the wire. The resulting electric current in the wire 
could be attached to some useful device, such as a lipht bulb. But alas, an 
electric current is not sustained by this arrangemenr. 

The reason the electric current is not sustained is shown ¡n Figure l1.6 
on page 344. An initial fow of electrons through the wire immediately 
results in a buildup of electric charge in both containers. Ihe container on 
the left builds up positive charge as ¡t accumulates Fe7T ions from the nail. 
The container on the ripht builds up negative charge as electrons accumu- 
late on this side. This situatlon prevents any further mipration of electrons 
throuph the wire. Recall that electrons are negative, and so they are repelled 
by the negative charge in the ripht container and attracted to the positive 
charge in the left container. The net result ¡s that the electrons do not ow 
through the wire, and the bulb remains unlit. 

The solution to this problem ¡s to allow Ions to miprate into either con- 
tainer so that neither builds up any positive or negative charge. This ¡s 
accomplished with a s2 2z/⁄4, which may be a U-shaped tube filled with 
a salt, such as sodium nitrate, NaNOa, and closed with semiporous plugs. 
Figure 11.7 on page 345 shows how a salt bridge allows the ions ít holds to 
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Figure 11.6 

An iron nail is placed in water and con- 
nected by a conducting wire to a solu- 
tion of copper ions. Nothing happens 
because this arrangement results in a 
buildup of charge that prevents the 
further flow of electrons. 


This side immediately 
builds úp a negative 
charge that repels 
electrons, preventing 
them from entering. 


This side immediately 
builds up a positive 
charge that attracts 
electrons, preventing 
them from migrating. 


enter cither container, permitting the fow of electrons through the con- 
ducting wire and creating a complete eÌlectric cirCuit. 


The Hectricity of a Battery Comes from Oxidation-Reduction Reacftions 


So we see that with the proper setup it ¡s possible to harness electrical 
energy from an oxidation-reduction reaction. The apparatus shown in Fig- 
ure 11.7 is one example. Such devices are called øø/zz/e c£l. Instead of two 
containers, a voltaic cell can be an all-in-one, self-contained unit, in which 
case it is called a ðz/ezy. Batteries are either disposable or rechargeable, and 
here we explore some examples of cach. Although the two types differ in 
design and composition, they function by the same principle: two materi- 
als that oxidize and reduce each other are connected by a medium through 
which Ions travel to balance an external fow of electrons. 

Lets look at disposable batteries first. The common Z?y-c£lJ batfery 
was invented ¡in the 1860s and ¡s still used today as probably the cheap- 
est disposable energy source for fashlights, toys, and the like. The basic 
design consists of a zinc cụp filled with a thick paste of amamonium chÌo- 
rde, NHựC|I, zinc chloride, ZnCH;, and manganese dioxide, MnOs. 
Immersed in this paste is a porous stick of graphite that projJects to the 
top of the battery, as shown in Figure 11.8 on page 346. 

Graphite 1s a pood conductor of electricity, and it is at the graphite stick 
that the chemicals In the paste recetve electrons and so are reduced. The 
reaction for the ammonium t1ons, Íor Instance, 1s 


9) NH¿” (aq) + 2€ =1... Ì Reduction 


An electrode 1s any material that conducts electrons into or out of a 
medium ¡in which electrochemical reactlons are occurring. The electrode 
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f8 NaNO: salt bridge \ em 
5 
J 


Oxidation Fe ——> RFe2Ì + 2e” Reducion Cu?” +2e  —> Cu 


Figure 11.7 

The salt bridge completes the electric circuit. Electrons freed as the iron is oxidized pass 
through the wire to the container on the right. Nitrate ions, NOs~, from the salt bridge flow into 
the left container to balance the positive charges of the Fe?" ions that form, thereby preventing 
any buildup of positive charge. Meanwhile, Na” ions from the salt bridge enter the right con- 
tainer to balance the C|— ions “abandoned” by the Cu?” ions as the Cu2T ions pick up electrons 
to become metallic copper. 


where chemicals are reduced ¡s called a cathode. For any battery, such as 
the one shown In Figure I1.8, the cathode 1s always positive (+), which 
indicates that electrons are naturalÌy attracted to this location. The electrons 
gained by chemicals at the cathode originate at the anode, which ¡s the 
electrode where chemicals are oxidized. For any battery, the anode 1s always 
negative (—), which indicates that electrons are streaming away from this 
location. The anode in Figure 11.8 ¡s the zinc cụp, where zinc atoms Ïose 
electrons to form zinc IOnS: 


ZnG) —> Zn”*(aq) †+2e_— Oxidation 


The reduction of ammonium ions ¡in a dry-cell battery produces two 
gases=ammonia, NHạ, and hydrogen, H;—that need to be removed to 
avoid a pressure buildup and a potential explosion. Removal is accom- 
plished by having the ammonia and hydrogen react with the zinc chloride 
and manganese dioxide: 


ZnCl;(aq) + 2NH;() —> Zn(NH;);Cl;G) 
2 MnOs(s) + H;(g) —> Mn;O¿z(s) + HạO(€) 
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Figure 11.8 

A common dry-cell battery with a 
graphite rod immersed in a paste 
of ammonium chloride, manganese 
dioxide, and zinc chloride. 


Figure 11.9 

Alkaline batteries last a lot longer than 
dry-cell batteries and give a steadier 
voltage, but they are expensive. 


Reduction 2NH¿" +2e_- ¬—=- 2NH;a cm H; 


Graphite rod (cathode) 


lim” cup (anode) 


Paste 
(NH„CI, ZnClạ,MnO2) 


Membrane 


đun "1n — 7n óc 


The life of a dry-cell battery is relatively short. Oxidation causes the 
z¡inc cup to deteriorate, and eventually the contents leak out. Even while the 
battery is not operating, the zinc corrodes as it reacts with ammonium Ions. 
This zinc corrosion can be inhibited by storing the battery In a refripgerator. 
As discussed in Chapter 9, chemical reactions slow down with decreasing 
temperature. Chilling a battery therefore sÌlows down the rate at which the 
zinc corrodes, which Increases the life of the battery. 

Another type of disposable battery, the more expensive 2/&2/z£ baferJ, 
shown in Figure 11.9, avoids many of the problems of dry-cell batteries by 
operating ¡n a strongly alkaline paste. In the presence of hydroxide ions, the 
zinc oxidizes to insoluble zinc oxide: 


Zn(@S) + 2()LH. (NI) — Z0 nu H;O() + 2e” Oxidation 
while at the same time manganese dioxide is reduced: 
2 MnO.(s) + HạO() + 2c” —> Mn;O;() + 2OH  (aq) Reduction 


Note how these two reactions avoid the use of the zinc-corroding ammo- 
nium ion (which means alkaline batteries last a lot longer than dry-cell 
batteries) and the formation of any gaseous products. Furthermore, these 
reactions are better-suited to maintaining a given voltaee during longer 
perlods of operation. 

The small mercury and lithium disposable batteries used for calculators 
and cameras are variatlons of the alkaline battery. In the mercury battery, 
mercuric oxide, HgO, ¡s reduced rather than manganese dioxide. Manu- 
facturers are phasing out these batteries because of the environmental haz- 
ard posed by mercury, which 1s poisonous. In the lithium battery, lithium 
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metal is used as the source of electrons rather than zinc. Not only ¡s lithium 
able to maintain a higher voltage than zinc, it is about 13 times less dense, 
which allows for a liphter battery, 

Disposable batteries have relatively short lives because electron-producing 
chemicals are consumed. The main feature of rechargeable batteries ¡s the 
reversibility of the oxidation and reduction reactions. Ín yOur cars recharge- 
able lead storage battery, for example, electrical energy is produccd as lead 
dioxide, lead, and sulfuric acid are consumed to form lead sulfate and water. 
The elemental lead is oxidized to Pb?†, and the lead ¡n the lead dioxide is 
reduced from the PbfT state to the Pb2† state. Combining the two haÏf 
reactions gives the complete oxidation—reduction reaction: 


PbO; + Pb + 2H;SO¿ —> 2 PbSO, + 2 HO + electrical energy 


Thịs reaction can be reversed by supplying electrical energy, as Eipure 11.10 
on page 348 shows. Thịs is the task of the cars alternator, which is powered 
by the engine: 


electrical energy + 2 PbSOx + 2H;O —> PbO¿; + Pb + 2 H;SO, 


So running the engine maintains concentrations of lead dioxide, lead, and 
sulfuric acid in the battery. With the engine turned off, these reactants 
stand ready to supply electric power as needed to start the engine, operate 
the emergency blinkers, or play the radio. 


Concept Check v 


What is recharged in a car battery? 


Was this Y0UF ânsWer? wWhen the battery is being recharged, electrical energy from a source (the 
alternator) outside the battery is used to regenerate reactants that were earlier transformed to products 
during the oxidation-reduction reaction that produced the electrical energy needed to start the engine. 
The reactants being regenerated are lead dioxide, elemental lead, and sulfuric acid. 


Many rechargeable batteries smaller than car batteries are made of com- 
pounds of nickel and cadmium (ni-cad batteries). As with the lead storage 
battery, ni—cad reactants are replenished by supplying electrical enerey from 
some external source, such as an electrical wall outlet. Like mercury batter- 
les, ni—cad batteries pose an environmenral hazard because cadmium Is toxic 
to humans and other organisms. For this reason, alkaline batteries desipned 
to be rechargeable are rapidÌy gaining a place in the market. 


Fuel Cells Are Highly Efficient Sources of Hectrical Energy 


A ƒu£l celJis a device that changes the chemical energy of a fuel to electrical 
energy. Fuel cells are by far the most efficlent means of generating electric- 
ity. A hydrogen-oxygen fuel celÏ ¡s shown in Figure II.1] on page 349. Ït 
has two compartments, one for entering hydrogen fuel and the other for 
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Figure 11.10 

(a) Electrical energy from the battery 
forces the starter motor to start the 
engine. (b) The combustion of fuel 
keeps the engine running and provides 
energy to spin the alternator, which 
recharges the battery. Note that the 
battery has a reversed cathode-anode 
orientation during rechargind. 


Engine 
starter 
motor 


| ossdaton Pb + S0) ca _— PbSO„ + | 


Oxidation of Pb to Pb2T 


| Reduction PbO; +4H†+ SỐ cm TC PbSOx =2 H;O 


Reduction of Pb'Ÿ to Pb2T 


Battery 


(a) 


Reduction PbSOu +2ec" —> Pb+ SO 


Reduction of Pb?† to Pb 


Oxidation PbSO + 2 H,O =ÔÒÖÐÔÔÒÔ .....-... -.. 


Oxidation of Pb2† to Pb*† 


Battery 


(b) 
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Oxidation Reduction 


2H;(g) *4OH (aq) —> 4H;O(g)+ 4e~ 4e~ +O;(g)+2H;O(g) —> 4OH“(aq) 


¬ ®@ 
® 


"%Š 
H, 
OH 
HO vapor <—— ầ “—©O;+ H;O vapor 
KOH-containing paste 
H— “=> Unreacted O- BC HO VAaDPOF 
+ 
Anode Cathode 
Figure 11.11 
The hydrogen-oxygen fuel cell. Porous graphite electrodes 


entering oxygen fuel, separated by a set of porous electrodes. Hydrogen ¡s 
oxidized upon contact with hydroxide ions at the hydrogen-facing electrode 
(the anode). The electrons from this oxidation fow through an external cir- 
cuit and provide electric power before meeting up with oxygen at the oxy- 
gen-facing electrode (the cathode). The oxygen readily picks up the elec- 
trons (in other words, the oxygen ¡is reduced) and reacts with water to form 
hydroxide lons. To complete the circuit, chese hydroxide Ions miprate across 
the porous electrodes and through an Ionic paste of potasstum hydroxide, 
KOH, to meet up with hydrogen at the hydrogen-facing electrode. 

As the oxidation equation shown at the top oÊ Figure l1.11 demon- 
strates, the hydrogen and hydroxide Ions react to produce energetic water 
molecules that arise in the form of steam. This steam may be used for heat- 
ing or to generate electricity In a steam turbine. Furthermore, the water that 
condenses from the steam is pure water, suitable for drinking! 

Fuel cells are similar to dry-cell batteries, but fuel cells dont run down 
as long as fuel ¡s supplied. The space shuttle uses hydrogen-oxygen fuel cells 
to meet its electrical needs. The cells also produce more than 100 gallons of 
drinking water for the astronauts during a typical week-long mission. Back 
on the Earth, researchers are developing fuel cells for buses and automobiles. 
As shown in Eigure I1.12 on page 350, experimental fuel-cell buses are 
already operating ¡n several cities, such as Vancouver, British Columbia, and 
Chicago, lllinois. These vehicles produce very few pollutants and can run 
much more efficiently than vehicles that run on fossil fuels. 
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Figure 11.12 
Because this bus is powered by a fuel cell, its tail pipe emits mostly water VapOr. 


In the future, commercial buildings as well as individual homes may be 
outftted with fuel cells as an alternative to receiving electricity (and heat) 
from regional power stations. Researchers are also working on miniature 
fuel cells that could replace the batteries used for portable electronic 
devices, such as cellular phones and laptop computers. Such devices could 
operate for extended periods oỂ time on a single “ampule” of fuel available 
at your local supermarket. 

Amazingly, a car powered by a hydrogen—oxygen fuel celÏ requires only 
about 3 kilograms of hydrogen to travel 500 kilometers. However, this 
much hydrogen gas at room temperature and atmospheric pressure would 
occupy a volume of about 36,000 liters, the volume of about four midsize 
cars! Thus the major hurdle to the developmenrt of fuel-cell technology lies 
not with the cell but with the fuel. This volume of gas could be compressed 
to a much smaller volume, as It is on the experimental buses in Vancouver. 

Compressing a gas takes energy, however, and as a consequence the 
inherent efficiency of the fuel cell is lost. Chilling hydrogen to its liquid 
phase, which occuples much less volume, poses similar problems. Instead, 
researchers are looking for novel ways of providing fuel cells with hydrogen. 
In one design, hydrogen ¡1s generated within the fuel cell from chemical 
reactions involving liquid hydrocarbons, such as methanol, CHzOH. Alter- 
natively, certain porous materials, including the recently developed carbon 
nanofbers shown in Figure 11.13, can hold large volumes of hydrogen on 
their surfaces, behaving ¡n effect like hydrogen “sponges.” The hydrogen Is 
“squeezed” out of these materials on demand by controlling the tempera- 
ture—the warmer the material, the more hydrogen released. We explore ' 
hydrogen as a fuel source in Chapter 19, in our discussions of sustainable 
€n€rgy SOUTC€S. 


11.3 The Energy of Flowing Flectrons Can Be Harnessed 351 


ˆ 


` 
x>x 
"Ì 


1m 
›20; 0080 


1l Smm 


Concept Chedk (⁄/ 


As long as fuel is available to it, a given fuel cell can supply electrical 
energoy indefinitely. Why carrt batteries do the same? 


(Af¬ac thịc v/AI0if A2nctA/ar2 
V 13 LÌỊ ị LIÍ đi ị 


Batteries generate electricity as the chemical reactants they contain are 
reduced and oxidized. Once these reactants are consumed, the battery can no longer generate electric- 
ity.A rechargeable battery can be made to operate again, but only after the energy flow is interrupted so 
that the reactants can be replenished. 


Hectrical Energy Can Produce Chemical Change 


Electrolysis is the use of electrical energy to produce chemical change. The 
recharging of a car battery ¡s an example of electrolysis. Another, shown in 
Eigure I1.lá, ¡s passing an electric current through water, a process that 
breaks the water down ¡nto its elemental components: 


electrical energy + 2 H;ạO() —> 2 H;() + O;Œ) 


Electrolysis is used to purify metals from metal ores. An example 1s 
aluminum, the third most abundant element in the Earths crust. Alu- 
minum occurs naturally bonded to oxygen ¡n an ore called 02⁄7. 
Aluminum metal wasnt known until about 1827, when it was prepared 
by reacting bauxite with hydrochloric acid. This reaction gave the alu- 
minum ion, Al2T, which was reduced to aluminum metal with sodium 


metal acting as the reducing agent: 


Al2T +3Na —> AI + 3Na” 


Figure 11.13 

Carbon nanofibers consist of near- 
submicroscopic tubes of carbon 
atoms. They outclass almost all other 
known materials in their ability to 
absorb hydrogen molecules. With car- 
bon nanofibers, for example, a volume 
of 36,000 liters of hydrogen can be 
reduced to a mere 35 liters. Carbon 
nanofibers are a recent discovery, 
however, and much research is still 
required to confirm their applicability 
to hydrogen storage and to develop 
the technology. 


Figure 11.14 

The electrolysis of water produces 
hydrogen gas and oxygen gas in a 2:1 
ratio by volume, which is in accordance 
with the chemical formula for water: 
H;O. For this process to work, ions 
must be dissolved in the water so that 
the electricity can be conducted 
between the electrodes. 
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Figure 11.15 

The melting point of aluminum 

oxide (2030°C) is too high for it to be 
efficiently electrolyzed to aluminum 
metal.When the oxide is mixed with 
the mineral cryolite, the melting point 
of the oxide drops to a more reason- 
able 980°C. A strong electric current 
passed through the molten aluminum 
oxide-cryolite mixture generates alu- 
minum metal at the cathode, where 
aluminum ions pick up electrons 

and so are reduced to elemental 
aluminum. 


Oxidation 2A10)1.08 +: 6E ¬ €6. TẠI CO; + 4e" 


Molten AlzOs + NazAlF mixture 


Power source 


Reduction AIlF¿2~ + 3e —> Al+6FE”. 


This chemical process was expensive. The price of aluminum at that 
time was about $100,000 per pound, and it was considered a rare and pre- 
cious metal. In 1855, aluminum dinnerware and other items were exhib- 
ired in Paris with the crown jewels of France. Then, in 1886, two men 
working independently, Charles Hall (1863-1914) in the United States 
and DPaul Heroult (1863—1914) ¡in France, almost simultaneousÌy discov- 
ered a process whereby aluminum could be produced from aluminum 
oxide, Al2Os, a main component of bauxite. In what is now known as the 
Hall-Heroult process, shown in Figure 11.15, a strong electric current 1s 
passed through a molten mixture of aluminum oxide and cryolite, 
NazAlF¿, a naturally occurring mineral. The Ñuoride ions of the cryolite 
react with the aluminum oxide to form various aluminum Ñuoride ions, 
such as AIOEzZ~, which are then oxidized to the aluminum hexafuoride 
ion, AlF¿2—. The Al®? ín this ion is then reduced to elemental aluminum, 
which collects at the bottom of the reaction chamber. This process, which 
1s sull In use today, greatly factlitated mass production o£aluminum metal, 
and by 1890 the price of aluminum had droppced to about $2 per pound. 

Today, worldwide production o£ aluminum 1s about 16 million tons 
annually. For cach ton produced from ore, about 16,000 kilowatt-hours of 
electrical energy is required, as much as a typical American household con- 
sumes ín 18 months. Processing recycled aluminum, on the other hand, 
consumes only about 700 kilowatt-hours for every ton. Thus recycling alu- 
minum not only reduces lirter but also helps reduce the load on power 
companies, which in turn reduces atr pollution. 

For a nerve-wracking experlence Involving the oxidation o£ elemental 
aluminum, bite a piece oÊ aluminum foil with a tooth filled with denrtal 
amalgam. (Ifyou dont have any dental fllings, hooray for you YoưÌl need 
to ask a less fortunate friend what this activity feels like.) The aluminum “ˆ 
behaves as an anode and releases electrons to the amalgam (a mix of silver, 
tin, and mercury). The amalgam behaves as a cathode by transferring these 
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Hands-On Chemistry: Splitting Water 


You can see the electrolysis of water by immersing the top of a disposable 9- 
volt battery in salt water. The bubbles that form contain hydrogen gas pro- 
duced as the water decomposes. Why does this activity work better with salt 
water than with tap water? Why does this activity quickly ruin the battery 
(which should therefore not be used again)? 


electrons to oxygen, which then combines with hydrogen ions to form 
water. The slight current that results produces a jolt of... ouch... pain. 


Concept Check v 


Is the reaction that goes on in a hydrogen-oxygen fuel cell an example of 
electrolysis? 


Was this YOUFT answer? During electrolysis, electrical energy is used to produce chemical change. 
In the hydrogen-oxygen fuel cell, chemical change is used to produce electrical energy. Therefore, the 
answer to the question is no. 


II4. Oxygen ls Responsible for Corrosion and Combustion 


Look to the upper ripht of the periodic table, and you will ñnd one of the 
most common oxidizing agents—oxygen. Ín fact, if you havent guessed 
already, the term øx/⁄//øz is derived from this element. ©Oxygen ¡s able to 
pluck electrons from many other elements, especially those that lie at the 
lower left of the periodic table. Iwo common oxidation-reduction reac- 
tions Involving oxygen as the oxidizing agent are £ø77Øs/2% and c01sf1ø?. 


Concept Check v 


Oxygen is a good oxidizing agent, but so is chlorine. What does this tell 
you about their relative positions in the periodic table? 


Was this y0uf anSW@F? Chlorine and oxygen must lie in the same area of the periodic table. Both 
have strong effective nuclear charges, and both are strong oxidizing agents. 


Corrosion ¡s the process whereby a metal deteriorates. Corrosion 
caused by atmospheric oxygen ¡is a widespread and costly problem. About 
one-quarter of the steel produced ¡in the United States, for example, goes 
into replacing corroded iron at a cost of billions of dollars annually. lron 
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corrodes when it reacts with atmospheric oxygen and water to form 
iron oxide trihydrate, which is the naturally occurring reddish-brown 
substance you know as z4, shown in Figure 11.16: 


4 Fe Si 5 0i am 3 HO => 2 Fe;Oz : 3 HO 


lron Oxygen Water Rust 


We can better understand rusting by considering this equation 
in steps, as shown in Figure 11.17. @ Iron loses electrons to form the 


Figure 11.16... Fe2 ion. @ Oxygen accepts these electrons and then reacts with 
13. .1... 7. sa water to form hydroxide ions, OH—. ®) Iron ions and hydroxide Ions com- 
structures on which it forms. Ít is the . F , đề: TU S2 . 

lo on TT còn 0 nề the bine to form iron hydroxide, Fe(OH)¿;, which ¡s further oxidized by oxygen 
structural integrity. to form rust, Fe;Oa * 3 H;O. 


Another common metal oxidized by oxygen is aluminum. The product 
ofaluminum oxidation is aluminum oxide, AlL,Oa, which ¡s water-insoluble. 
Because of its water insolubility, aluminum oxide forms a protectIve coat 
that shields aluminum from further oxidation. This coat is so thin that 1LS 
transparent, which is why aluminum maintains its metallic shine. 


Œ@) Oxidaion 2Ee ——> 2Fe2† +4e~ @) Reduction O+ +ác' + 2H;O — á() 


OH_ dissolves 
in water 


Fe?” dissolves 
in water 


Electrons travel 
through iron metal 


À lron metal Water drop 


Hole forms in iron_ 


Fe?” andOH_ react in aqueous solution to form iron hydroxide, 
Fe(OH);, which reacts with H;O and O; to form rust, FeaO› - 3 HO. 


Figure 11.17 

A piece of iron metal begins to rust when iron atoms lose electrons to form Fe2T ions. These elec- 
trons are lost to oxygen atoms, which are thereby reduced to hydroxide ions, OH—. One region 

of the piece of iron behaves as the anode while another region behaves as the cathode. Rust 
forms only in the region of the anode, where iron atoms lose electrons. The loss of elemental iron ` 
in this region causes a hole to form in the metal. The formation of rust, however, is not as much 

of a problem as is the loss of iron atoms, a loss that results in a decrease in structural integrity. 
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A protective water-insoluble oxidized coat is the principle underlying a 
process called ø2/22/zzrøøi. Zinc has a slightly greater tendency to oxidIze 
than does iron. For this reason, many iron articles, such as the nails pIctured 
1n Figure 11.18, are ø2/z2z/z¿2 by coating them with a thin layer of zinc. 
The zinc oxidizes to zinc oxide, an inert, insoluble substance that DTOt€cts 
the inner iron from rusting. 

In a technique called œ2/ðø4jc pzøeføm iron structures can be PrO- 
tected from oxidation by placing them in contact with metals, such as zinc 
or magnesium, that have a greater tendency to oxidize. This forces the iron 
to accept electrons, which means it is behaving as a cathode—recall from 
Figure 11.17 that rusting occurs only where iron behaves as an anode. 
Ocean tankers, for example, are protected from corrosion by strips of zinc 
affixed to their hulls, as shown ¡in Figure 11.19. Similarly, outdoor steel 
PIpes are protected by being connected to magnesium rods inserted into the 
pround. 

Yet another way to protect iron and other metals from oxidation is to 
coat them with a corrosion-resistant metal, such as chromium, platinum, or 
gold. #/2c/røplz//zg is the operation of coating one metal with another by 
electrolysis, and ¡t is illustrated in Eigure 11.20. The object to be electro- 
plated is connected to a negative battery terminal and then submerged in a 
solution containing ions of the metal to be used as the coating. The posi- 
tive terminal of the battery is connected to an electrode made of the coat- 
¡ng metal. The circuit is completed when this electrode is submerged in the 
solution. IDissolved metal ions are attracted to the negatively charged 
object, where they pick up electrons and are deposited as metal atoms. The 
lons in solution are replenished by the forced oxidation of the coating metal 
at the positive electrode. 


Figure 11.20 


Chromium electrode 


are oxidized to Cr2* ions. 


Combustion is an oxidation-reduction reaction between a nonmetal- 
lic material and molecular oxygen. Combustion reactions are characterIsti- 
cally exothermic (energy-releasing). A violent combustion reactlon ¡s the 
formation o£ water from hydrogen and oxygen. As discussed in Sectlon 9.5, 
the energy from this reaction is used to power rockets Into space. More 
common examples of combustion include the burning of wood and fossil 


Figure 11.18 

The galvanized nail (bottom) is pro- 
tected from rusting by the sacrificial 
oxidation of zinc. 


Figure 11.19 
Zinc strips help protect the iron hull of 
an oil tanker from oxidizing. The zinc 
strip shown here is attached to the 
hull's interior surface. 


As electrons flow into the hubcap and give it a negative charge, positively 
charged chromium ions move from the solution to the hubcap and are 
reduced to chromium metal, which deposits as a coating on the hubcap. 
The solution is kept supplied with ions as chromium atoms in the cathode 


356 


Chapter 11 


Oxidation and Reduction 


fuels. The combustion of these and other carbon-based chemicals forms 
carbon dioxide and water. Consider, for example, the combustion of 
methane, the major component of natural gas: 


CH; + 2Ø; =3? (Ô, 1 jjj a.... 


Methane Oxygen Carbon Water 
dioxide 


In combustion, electrons are transferred as polar covalent bonds are 
formed in place of nonpolar covalent bonds, or vice versa. (This is in con- 
trast to the other examples of oxidation-reduction reactions presented in 
this chapter, which involve the formation oŸ ions from atoms or, con- 
versely, atoms from Ions.) Thịs concept ¡s 1lÌustrated In Figure 11.21, 
which compares the electronic structures of the combustion starting mate- 
rial molecular oxygen and the combustion product water. Molecular oxy- 
gen is a nonpolar covalent compound. Although cach oxygen atom in the 
molecule has a fairly strong electronegativity, the four bonding electrons 
are pulled equally by both atoms and thus are unable to congregate on one 
side or the other. AfRter combustion, however, the electrons are shared 
between the oxygen and hydrogen atoms in a water molecule and are 
pulled to the oxygen. This gives the oxygen a slight negative charge, which 
is another way of saying it has gained electrons and has thus been reduced. 
At the same time, the hydrogen atoms in the water molecule develop a 
slight positive charge, which is another way of saying they have lost elec- 
trons and have thus been oxidized. This gain of electrons by oxygen and 
loss of electrons by hydrogen ¡s an energy-releasing process. Iypically, the 
energy ¡s released either as molecular kinetic energy (heat) or as light 


(the ñame). 


Methane 


Carbon 
dioxide 
C)ó 7U) 
(a) Reactant oxygen atoms share (b) Product oxygen atoms pull electrons 
electrons equally in O; molecules. away from H atoms in HO molecules 
and are reduced. 
Figure 11.21 


(a) Neither atom in an oxygen molecule is able to preferentially attract the bonding electrons. 
(b) The oxygen atom of a water molecule pulls the bonding electrons away from the hydrogen 
atoms on the water molecule, making the oxygen slightly negative and the two hydrogens 
slightly positive. 


=—--.--.‹Á.‹.KẮŠẽ .....ÔỘ 
In Perspective 


In the previous chapter we discussed acid—base reactions, which are chemical 
reactions involving the transfer of øzø/øzs from one reactant to another. In 
this chapter, we explored oxidation-reduction reactions, which ¡involve the 
transfer oŸ one or more ø/ec/zø/ from one reactant to another. Oxidation— 
reduction reactions have many applications, such as in photography, bat- 
teries, fuel cells, the manufacture and corrosion of metals, and the com- 
bustion of nonmetallic materials such as wood. 

Interestingly, combustion oxidation-reduction reactions occur through- 
out your body. You can visualize a simpliñed model of your metabolism by 
revicwing Figure 11.21 and substituting a food molecule for the methane. 
Food molecules relinquish their electrons to the oxygen molecules you 
inhale. The products are carbon dioxide, water vapor, and energy. You exhale 
the carbon dioxide and water vapor, but much of the energy from the reac- 
tion 1s used to keep your body warm and to drive the many other biochem- 
Ical reactions necessary for living. 


In Perspective 
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Key Terms and Matching Definitions 


anode 

cathode 
combustion 
COFTTrOSiIon 
electrochemistry 
electrode 
electroÌysis 

half reaction 
oxidation 
oxidation—reduction reaction 
reduction 


1. A reaction involving the transfer of electrons 
from one reactant to another. 

2. The process whereby a reactant Ìoses one or 
more electrons. 

3. The process whereby a reactant øains one or 
more electrons. 

4. One portion o£an oxidation—reduction 
reaction, represented by an equation showing 
electrons as either reactants or products. 

5. The branch of chemistry concerned with the 
relationship between electrical energy and 
chemical change. 

6. Any material that conducts electrons Into or out 
ofa medium ¡n which electrochemical reactions 
4f€ OCCUTT1ng. 

7. The electrode where reduction ocCurs. 

8. The electrode where oxidation ocCurs. 

9, The use of electrical energy to produce chemical 
change. 

10. The deterioration of a metal, typicalÌy caused by 
atmospheric oxygen. 

11. An exothermic oxidation-reduction reactlon 
berween a nonmetallic material and molecular 


Oxygen. 


Review Questions 


Oxidation Is the Loss of Elecfrons 
and Reduction ls the Gain of Electrons 


1. Which elements have the greatest tendency to 
behave as oxidizing agents? 


2. Write an equation for the haÏlf reaction in which 
4 potassium atom, K, is oxidized. 


3. Write an cquation for the haÏf reaction in which 
a bromine atom, Br, ¡s reduced. 


4. Nhat is the difference between an oxidizing 
agent and a reducing agent? 


5. WWhat happens to a reducing agent as ít reduces: 


Photography Works by Selective Oxidation and Reduction 


6. What special property of silver bromide makes 
ít so useful for photography? 


7. WWhat gets reduced as bromine lons, |)) SA! 
on photographic fiÌm are oxidized by lipht? 


8. What role does hydroquinone play ¡n the devel- 
opment of a black-and-white photograph? 


The Energy of Flowing Electrons Can Be Harnessed 
9, Nhat ¡s electrochemistry? 


10. What ¡s the purpose of the manganese dioxide 
in a dry-cell battery? 


11. Nhat chemical reaction ¡s forced to occur while 
a car battery is being recharged? 


12. Why dont the electrodes of a fuel cell deterio- 
rate the way the electrodes ofa battery do? 


13. What ¡is electrolysis, and how does it differ from 
what goes on ¡inside a battery? 


Oxygen Is Responsible for Corrosion and Combustion 
lá. Why ¡s oxygen such a good oxidizing agent? 


15. What do the oxidation of zinc and the oxida- 
tioön of aluminum have In common? 


16. What ¡s electroplating, and how 1s It 
accomplished? 


17. What are some differences between corrosion 
and combustion? 


18. What are some similarities between corrosion 
and combustion? 


Hands-On Chemistry Insights 
Silver Lining 


Thịs is one o£ the better party tricks you can perform 
for any willing dinner host burdened with a cabinet 
full of tarnished silver pieces. Forewarn, however, that 
many pIeces coming out of the treatment are stilÌ in 


necd o£ some buffing with silver polish. Lively con- 
Yersatlon is guaranteed, especially concerning the 
source o£ the tarnishing hydrogen sulfide gas. 

Polishing with an abrasive paste removes both the 
thin layer of tarnish and some silver atoms. Silver- 
plated pieces are therefore susceptible to losing their 
thin coating of silver. The aluminum method, by 
Contrast, restores the silver lost to the tarnishing. 

For pleces too large to ft in the pot, try rubbing 
lightly with a paste of baking soda and watet, using 
aluminum foil as your rubbing cloth. 


Splitting Water 


Try this activity with tap water instead of saÏt water to 
see the diference dissolved ions can make—the ions 
are needed to conduct electricity between the two 
electrodes. 

The primary reaction occurs at the negative elec- 
trode (anode), where water molecules accept electrons 
to form hydrogen gas and hydroxide ions. Recall from 
Chapter 10 that an increase in hydroxide ion concen- 
tratlon causes the pH of the solution to rise. You can 
track the production of hydroxide ions by adding a 
pH indicator to the solution. The indicator of choice 
is phenolphthalein, whích you might obtain from 
your Instructor. Alternatively, you mipht use the red 
cabbage extract discussed in Chapter 10. Whichever 
Iindicator you use, note the swirls of color forming at 
the anode as hydroxide Ions are generated. 

The battery ¡s quickly ruined because placing ¡tin 
the conductung liquid short-circuits the terminals, 
which results in a large drain on the battery. 

You may be wondering why oxygen gas is not 
generated along with the hydrogen gas. For reasons 
beyond the scope of this text, oxygen øas 1s generated 
only when the positive electrode (cathode) ¡s made of 
certain metals, such as gold or platinum. The steel 
electrode of the 9-volt battery does not suffice. 


ExercIses 
1. Which atom ¡is oxidized, ® o: @: 


2. In the previous exercisc, which atom behaves as 


the oxidizing agent, (Ề or @: 


10. 


JỆ 


l2 


Lộ: 


14. 


l), 
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End of Chapter Review and Exercises 


- What correlation mipht you expect between an 


elements electronegativity (Section 6.6) and its 
ability to behave as an oxidizing agent? How 
about its ability to behave as a reducing agent? 


. What correlation mipht you expect between an 


elementS ionization energy (Section 5.8) and its 
ability to behave as an oxidizing agent? How 
about its ability to behave as a reducing agent? 


- Based on their relative positlons in the periodic 


table, which might you expect to be a stronger 
oxidizing agent, chỈorine or Huorine? Why? 


.- How does an atom$ electronegativity relate to 


Its ability to become oxidized? 


.- lron atoms, Fe, are better reducing agents than 


COpp€r lons, Cu?†. In which direction do elec- 
trons ow when an iron nail Is submerged in 
a solution of Cu?” ions? 


. What 1s the purpose of the salt bridge in Figure 


JMƒ 2 


. Why ¡s the anode ofa battery indicated with a 


minus sign? 


ls sodium metal oxidized or reduced in the pro- 
duction of aluminum? 


Why is the formation of iron hydroxide, 
Fe(OH)¿, from Fe7T and OH~ not considered 


an oxidation—reduction reaction? 


Your car lights were left on while you were 
shopping, and now your car battery ¡s dead. 
Has the pH of the battery fÑuid increased or 


decreased? 


Sketch a voltaic cell that uses the oxidation— 
reduction reaction 


Mg(s) + Cu? (aq) —> Mg”*(aq) + Cu(s) 


\hich atom or ion is reduced? WWhich atom or 
ion ¡1s oxidized? 


Jewelry is often manufactured by electroplating 
an expensive metal such as gold over a cheaper 
metal. Sketch a setup for this process. 


Some car batterles require the periodic addition 
of water. oes adding the water increase or 
decrease the batterys ability to provide electric 
power to start the car? Explain. 
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16. Why does a battery that has thick zinc walls last 
longer than one that has thin zinc walls? 


17. The oxidation of iron to rust is a problem struc- 
tural engineers need to be concerned about, but 
the oxidation of aluminum to aÌluminum oxide 
1s not. hy? 


18. How many electrons are transferred from iron 
atoms to oxygen atoms ¡n the formation oÊ two 
molecules of iron hydroxide, Fe(OH);? See 
Eigure 11.17. 


19. Why are combustion reactions generally 
exothermic? 


20. Which element is closer to the upper right 
corner of the periodic table, @ o: @: 


21. Water ¡is 88.88 percent oxygen by mass. Öxygen 
is exactly what a fire needs to grow brighter and 
stronger. So why doesnt a fire grow briphter and 
stronger when water ¡s added to it 


22. Clorox is a laundry bleaching agent used to 
remove stains from white clothes. Suggest why 
the name begins with C7z- and ends with -øx. 


23. Tron atoms have a greater tendency to oxidize 
than do copper atoms. Ís this good news or bad 
news for a home in which much of the plumb- 
ing consists of iron and copper pipes connected 
together? Explain. 


24. Copper atoms have a greater tendency to be 
reduccd than iron atoms do. Ñas this good 
news or bad news for the Statue of Liberty, 
whose copper exterior was originally held 
together by steel rivets? 


25. One of the products of combustion 1s water. 
Why doesnt this water extinguish the 
combustion? 


Exploring Further 


http://www.aluminum.org 
The Web site of the Aluminum Association, 
Inc., where you will ñnd basic facts about 
the aluminum industry, recycling efforts, 
and the impact of our aluminum use on the 
environment. 


http://www.kodak.com/us/en/corp/aboutKodak/ 

kodakHistory/kodakHistory.shtml 
The Eastman Kodak Company was founded 
in the late 1800s and was the frst company to 
offer easy-to-use photography services to the 
general public. Explore this site for some of 
this history, and be sure to check out the link 
to “About Eilm and Imaging” to read about 
the chemistry and engineering required for 
the manufacture of photographic ñm. 


http://www.internationalfuelcells.com 

http://www.fuelcellworld.org 
Úse /¿/ cƒlš as a search keyword and you wIlÏ 
ñnd a number oỀ private companies and organ- 
Izations, such as the two named here, that are 
dedicated to improving the eficlency of fuel 
cells and publicizing their use. Euel cells are 
certainly a wave of the future. 


n “tre R 
©(@hemistry 
C place 


Oxidation and Reduction 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 


A Survey of Carbon-Based Molecules 


Carbon atoms have the ability to link together and thereby form molecules 
made up of many carbon atoms. Add to this the fact that any of the carbon 
atoms in such a chain can also bond with atoms of other elements, and you 
see the possibility of an endless number of diferent carbon-based mole- 
cules. Each molecule has its own unique set of physical, chemical, and bio- 
logical properties. The flavor of vanilla, for example, is perceived when the 
compound vanillin is absorbed by the sensory organs in the mouth and 
nose. This compound consists of a ring of carbon atoms with oxygen atoms 
attached in a particular fashion. Vanillin is the essential ingredient in any- 
thing having the flavor of vanilla—without vanillin, there is no vanilla flavor, 
The flavor of chocolate, on the other hang, is generated when not just one 
but a wide assortment of carbon-based molecules are absorbed ¡in the 
mouth and nose. One of the more significant of these molecules is tefrđ- 
methylpyrazine, which has a ring of nitrogen and carbon atoms attached in a 
particular fashion. 

Life is based on carbon% ability to bond with other carbon atoms to form 
diverse structures. Reflecting this fact, the branch of chemistry that is the 
study of carbon-containing compounds has come to be known as organic 
chemistry. The term orgønic is defived from organism and is not necessarily 
related to the environment-friendly form of farming discussed in Chapter 15. 
Today, more than 13 million organic compounds are known, and about 
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Chapter 12 Organic Compounds 


100,000 new ones are added to the list each year. Thỉs includes those discovered 
in nature and those synthesized in the laboratory. (By contrast, there are only 
200,000 to 300,000 known inorganic compounds, those based on elements other 
than carbon.) 

Because organic compounds are so closely tied to living organisms and 
because they have many applications—from flavorings to fuels, polymers, medi- 
cines, agriculture, and more—it is important to have a basic understanding of 
them. We begin with the simplest organic compounds—those consisting of only 
carbon and hydrogen. 
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Organic compounds that contain only carbon and hydrogen are hydrocar- 
bons, which differ from one another by the number of carbon and hydro- 
gen atoms they contain. The simplest hydrocarbon is methane, CH¿, with 
only one carbon per molecule. Methane is the main component of natural 
gas. The hydrocarbon octane, CạHs, has eipht carbons per molecule and 
is a component of gasoline. The hydrocarbon polyethylene contains hun- 
dreds of carbon and hydrogen atoms per molecule. Polyethylene is a pÏastic 
used to make many items, including miÌlk containers and plastic bags. 


Methane, CHạ 


Octane,CaHqs _. Polyethylene 


Hydrocarbons also differ from one another in the way the carbon atoms 
connect to each other. Figure 12.1 shows the three hydrocarbons -pentane, 
/sø-pentane, and Zø-pentane. These hydrocarbons all have the same molecu- 
lar formula, C<H¡a, but are structurally diferent from one another. The car- 
bon framework of øpentane is a chain of five carbon atoms. Ín Zpentane, 
the carbon chain branches, so that the framework is a ƒ-carbon chain ' 
branched at the second carbon. Ïn øeø-pentane, a central carbon atom is 
bonded to four surrounding carbon atoms. 
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These three hydrocarbons all have the same molecular formula. We can see their different 
structural features by highlighting the carbon framework in two dimensions. Easy-to-draw stick 
structures that use lines for all carbon-carbon covalent bonds can also be used. 


WWc can sec the different structural features of #-pentane, 7s2-pentane, 
and øø-pentane more clearly by drawing the molecules in two dimensions, 
as shown ¡in the middÌle row of Eigure 12.1. Alternatively, we can represent 
them by the s/e& s/zc£zzes shown In the bottom row. Á stick structure 1s 4 
commonly used, shorthand notation for representing an organic molecule. 
Each line (stick) represents a covalent bond, and carbon atoms are under- 
stood to be wherever two or more straight lines meet and at the end of any 
line (unless another type of atom ¡is drawn at the end of the line). Any 
hydrogen atoms bonded to the carbons are also typically not shown. 
Instead, their presence ¡s implied so that the focus can remain on the skele- 
tal structure formed by the carbon atoms. 

When every carbon atom ¡in a hydrocarbon except the two terminal 
ones ¡s bonded ro only two other carbon atoms, the molecule ¡s called a 
szaigbt-cbain byyocarbøø. (Do not take thịs name literally, for, as the ø- 
pentane structures in Figure 12.1 show, this ¡s a straight-chain hydrocarbon 
despite the zigzag nature of the drawings representing it.) When at Ìeast one 
carbon atom in a hydrocarbon ¡s bonded to either three or four carbon 
atoms, the molecule is a Øz2cjeđ bw#ocarbøø. Both 2sø-pentane and øø- 
pentane are branched hydrocarbons. 

Molecules such as ø-pentane, Zpentane, and ø¿ø-pentane, which have 
the same molecular formula but different structures, are known as struc- 
tural isomers. Structural isomers have different physical and chemical prop- 
erties. For example, zøpentane has a boiling point of 36°C, /ø-pentanes 
boiling point ¡s 30°C, and øz¿ø-pentanes ¡s 10C, 


neo-Pentane,C:H¡; 
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Figure 12.2 

Three conformations for a molecule of 
n-pentane. The molecule looks different 
in each conformation, but the five- 
carbon framework is the same in all 
three conformations. In a sample of 
liquid n-pentane, the molecules are 
found in all conformations—not 

unlike a bucket of worms. 


The number of possible structural isomers for a chemical formula 
increases rapidly as the number of carbon atoms increases. [here are 
3 structural isomers for compounds having the formula CzH;, 18 for 
Hs, 75 for C¡gHạ¿, and a whopping 366,319 for CoH¿¿} 

Carbon-based molecules can have different spatial orientations called 
conformations. Flex your wrist, elbow, and shoulder Jjoints, and you]l ñnd 
your arm passing through a range of conformations. Likewise, organic mol- 
ecules can twist and turn about their carbon-carbon single bonds and thus 
have a range of conformations. The structures in Figure 12.2, for examplÌe, 
are different conformations oÊ #-pentane. 


Concept Check v 


Which carbon-carbon bond was rotated to go from the “before” confor- 
mation of /so-pentane to the “after” conformation: 


d 


Before After 


Was this Y0uF anSW@F? The best Way to answer any question about the conformation of a 
molecule is to play around with molecular models that you can hold in your hand. In this case, bond c 
rotates in such a way that the carbon at the right end of bond d comes up out of the plane of the page, 
momentarily points straight at you, and then plops back into the plane of the page below bond c. This 
rotation is similar to that of the arm of an arm wrestler who, her arm just above the table as she is on the 
brink of losing, suddenly gets a surge of strength and swings her opponent's arm (and her own) through 
a half-circle arc and wins. 


Before After 


Hydrocarbons are obtained primarily from coal and petroleum, both 
formed when plant and animal matter decays in the absence of oxygen. 
Most of the coal and petroleum that exist today were formed between 
280 and 395 million years ago. At that time, the Earth was covered with 
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extensive swarmps that, because they were close to sea level, periodically 
became submerged. The organic matter of the swamps was buried beneath 
layers of marine sediments and was eventually transformed to either coal or 
petroleum. 

Coal 1s a solid mineral containing many large, complex hydrocarbon 
molecules. Most of the coal mined today ¡s used for the production of steel 
and for generating electricity at coal-burning power pÌants. 

Petroleum, also called crude oil, 1s a liquid readily separated into Its 
hydrocarbon components through a process known as #⁄2c/014l ả;st/lla0ion, 
shown in Eigure 12.3. The crude oil ¡s heated in a pipe stilÏ to a temperature 
hiph enouph to vaporize most of the components. The hot vapor flows Into 
the bottom of a Íractionating tower, which is warmer at the bottom than at 
the top. Ás the vapor rises in the tower and cools, the various componenrs 
begin to condense. Hydrocarbons that have hiph boiling points, such as tar 
and lubricating stocks, condense first at warmer temperatures. HÍydrocarbons 
that have low boiling points, such as gasoline, travel to the cooler replons at 
the top of the tower before condensing. Pipes drain the various liquid hydro- 
carbon fractions from the tower. Natural gas, which is primarily methane, 
does not condense. Ít remains a gas and ¡s collected at the top o£ the tower. 

Differences in the strength of molecular attractions explain why differ- 
ent hydrocarbons condense at different temperatures. Às discussed in Sec- 
tion 7.1, in our comparison o£induced dipole—induced dipole attractions 
in methane and octane, larger hydrocarbons experience many more of these 
attractions than smaller hydrocarbons do. For this reason, the larger hydro- 
carbons condense readily at hiph temperatures and so are found at the bot- 
tom of the tower. Smaller molecules, because they experlence Íewer attrac- 
tions to neighbors, condense only at the cooler temperatures found at the 
top of the tower. 

The gasoline obtained from the fractional distillation oÊ petrolceum con- 
sists ofa wide variety of hydrocarbons having similar boiling points. Some 
of these components burn more efficiently than others in a car engine. The 
straight-chain hydrocarbons, such as z-hexane, tend to burn too quickly, 
causing what is called ezø/z #zøck, as illustrated in Figure 12.4 on page 
366. Gasoline hydrocarbons that have more branching, such as Zoctane, 


——>Lubricating 


Figure 12.3 

A schematic for the fractional distilla- 
tion of petroleum into its useful hydro- 
carbon components. 


366 Chapter 12 Organic Compounds 


Figure 12.4 

(a) A straight-chain hydrocarbon, such , 
as n-hexane, can be ignited from the 
heat generated as gasoline is com- 
pressed by the piston—before the 
spark plug fires. This upsets the timing 
of the engine cycle, giving rise to a 
knocking sound. (b) Branched hydro- 
carbons, such as /so-octane, burn less 
readily and are ignited not by com- 
pression alone but only when the 
spark plug fires. 


n-Hexane 


iso-Octane 


(b) 


burn sÌowly, and as a result the engine runs more smoothly. These two com- 
pounds, Z-hexane and Zs2-octane, are used as standards in assigning 2c 
7⁄2//gs to gasoline. Ấn octane number of 100 1s arbitrarily assigned to 2ø 
octane, and #-hexane is assipned an octane number of 0. The antiknock 
performance of a particular øasoline is compared with that of various mix- 
tures of zø-octane and 7+hexane, and an octane number is assigned. Figure 
12.5 shows octane information on a typical gasoline pump. 


Figure 12.5 


Octane ratings are posted on gasoline Concept Check v 
pumps. 


Which structural isomer in Figure 12.1 should have the highest octane 
rating? 


Was this YOUFT âïSW€F? The structural isomer with the greatest amount of branching in the 


carbon framework will likely have the highest octane rating, making neo-pentane the clear winner. 
Just for the record, the ratings are 


Compound Octane rating 
n-Pentane 61.7 
iso-Pentane 923 


neo-Pentane 116 
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I22 Unsaturated Hydrocarbons Contain Multiple Bonds 


Recall from Section 6.1 that carbon has four unpaired valence electrons. As 
shown in Figure 12.6, cach of these electrons is available for palring with an 
electron from another atom, such as hydrogen, to form a covalent bond. 


Also 


depicted 
Covalent bond 


Carbons four s 

valence electrons lội : H 
H/ | 

jZm... lối ll=CằỶH 
H | 
H H 
Methane 
Figure 12.6 


Carbon has four valence electrons. Each electron pairs with an electron from a hydrogen atom 
in the four covalent bonds of methane. 


In all the hydrocarbons discussed so far, including the methane shown 
in Figure 12.6, each carbon atom is bonded to four neiphboring atoms by 
four single covalent bonds. Such hydrocarbons are known as saturated 
hydrocarbons. The term s⁄7⁄/e/ means that each carbon has as many 
atoms bonded to it as possible. We now explore cases where one or more 
carbon atoms in a hydrocarbon are bonded to fewer than four neighboring 
atoms. This occurs when at least one of the bonds between a carbon and a 
neiphboring atom is a multiple bond. (See page 186 for a review of multi- 
ple bonds.) 

A hydrocarbon containing a muluple bond——either double or triple— 
is known as an unsaturated hydrocarbon. Becausc of the multiple bond, 
two of the carbons are bonded to fewer than four other atoms. These car- 
bons are thus said to be ø2s2/r⁄/c2. 

Figure 12.7 compares the saturated hydrocarbon zzbutane with the 
unsaturated hydrocarbon 2-butene. The number of atoms bonded to each 
o£ the two middle carbons o£ ø-butane 1s four, whereas cach of the two mid- 
dle carbons of 2-butene is bonded to only three other atoms—a hydrogen 
and two carbons. 


Saturated hydrocarbon Unsaturated hydrocarbon 
Dãn TH H 
n ,= S "ã \s Ví 
H C HẤ ` 7ý 
`. lạ `šïj bi C=C 
AC ` ⁄ ` 
lại. lai WV si H H 
n-Butane,CaHo 2-Butene, CaHạ 
Figure 12.7 


The carbons of the hydrocarbon n-butane are sđturated, each being bonded to four other 
atoms. Because of the double bond, two of the carbons of the unsaturated hydrocarbon 
2-butene are bonded to only three other atoms, which makes the molecule an unsaturated 


hydrocarbon. 
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An important unsaturated hydrocarbon ¡s benzene, C¿H¿, which may 
be drawn as three double bonds contained within a at hexagonal ring, as 
¡s shown in Eigure 12.8a. Unlike the double-bond electrons in most other 
unsaturated hydrocarbons, however, the electrons of the double bonds in 
benzene are not ñxed between any two carbon atoms. Instead, these elec- 
trons are able to move freely around the ring. This is commonly represented 
by drawing a circle within the ring, as shown in Figure 12.8b, rather than 


the individual double bonds. 


(a) (b) 


Figure 12.8 
(a) The double bonds of benzene, C;H¿, are able to migrate around the ring. (b) For this reason, 
they are often represented by a circle within the ring. 


Many organic compounds contain one or more benzene rings In their 
structure. Because many of these compounds are Íragrant, any organic mol- 
ecule containing a benzene ring ¡s classtied as an aromatic compound 
(even 1Ý it is not particularly fragrant). Figure 12.9 shows a few examples. 
Toluene, a common solvent used as paint thinner, 1s toxic and øives airplane 
ølue its distinctive odor. Some aromatic compounds, such as naphthalene, 
contain two or more benzene rings fused together. Át one time, mothballs 
were made of naphthalene. Most mothballs sold today, however, are made 
of the less toxic 1,4-dichlorobenzene. 


xu 


li: 


C1 


Toluene Naphthalene 1,4-Dichlorobenzene 


Figure 12.9 
The structures for three odoriferous organic compounds containing one or more benzene rings: 
toluene, naphthalene, and 1,4-dichlorobenzene. 
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An example of an unsaturated hydrocarbon containing a triple bond is 
acetylene, C;H;. A confined fame of acetylene burning in oxygen is hot 


cnouph to melt iron, which makes acetylene a choice fuel for the welding 
shown in Figure 12.10. 


SP E6=$%=.i 


Acetylene 


Figure 12.10 
The unsaturated hydrocarbon acetylene, C;H›, burned in this torch produces a flame hot 
enough to melt iron. 


Hands-On Chemistry: Twisting Jellybeans 


Two carbon atoms connected by a single bond can rotate relative to each 
other. As we discussed in Section 12.1, this ability to rotate can give rise to 
numerous conformations (spatial orientations) of an organic molecule. ls ¡t also 
possible for carbon atoms connected by a double bond to rotate relative to 
each other? Perform this quick activity to see for yourself. 


What You Need 
Jellybeans (or gumdrops), round toothpicks 
Procedure 


() Attach one jellybean to each end of a single toothpick. Hold one of 
the jellybeans firmly with one hand while rotating the second jelly- 
bean with your other hand. Observe how there is no restriction on the 
different orientations of the two jellybeans relative to each other. 


_) Hold two toothpicks side by side and attach one jellybean to each end 
such that each jellybean has both toothpicks poked into it. As before, 
hold one jellybean while rotating the other. What kind of rotations are 
possible now? 


Relate what you observe to the carbon-carbon double bond. Which structure 
of Figure 12.7 do you suppose has more possible conformations: n-butane or 
2-butene? What do you suppose is true about the ability of atoms connected 
by a carbon-carbon triple bond to twist relative to each other? 
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Concept Check v 


Prolonged exposure to benzene has been found to increase the risk of 
developing certain cancers. The structure of aspirin contains a benzene 
ring. Does this necessarily mean that prolonged exposure to aspirin will 
increase a person5 risk of developing cancer? 


O 


Benzene ring 


L 


Aspirin 


Was this Yy0ur anSWefF? No.Although benzene and aspirin both contain a benzene rỉng,these two 
molecules have different overall structures, which means the properties of one are quite different from 
the properties of the other. Each carbon-containing organic compound has its own set of unique physiỉ- 
cal, chemical, and biological properties. While benzene may cause cancer, aspirin is a safe remedy for 
headaches. 


12.5 Organic Molecules Are Classified 
by Functional Group 


Carbon atoms can bond to one another and to hydrogen atoms in many 
ways, which results in an incredibly large number o£hydrocarbons. But car- 
bon atoms can bond to atoms of other elements as well, further increasing 
the number of possible oreanic molecules. Ín organic chemistry, any atom 
other than carbon or hydrogen ¡n an organic molecule ¡s called a het- 
eroatom, where 2¿/¿zø- means “different from either carbon or hydrogen.” 

A hydrocarbon structure can serve as a framework to which various het- 
eroatoms can be attached. Thịs 1s analogous to a Christmas tree serving as 
the scafolding on which ornaments are hung. Just as the ornaments give 
character to the tree, so do heteroatoms give character to an organic mole- 
cule. In other words, heteroatoms can have profound effects on the prop- 
ertles of an organic molecule. 

Consider erhane, C;H¿, and ethanol, C;H,O, which difer from each 
other by only a single oxygen atom. Ethane has a boiling point o£ —88°C, 
making it a gas at room temperature, and it does not dissolve in water very 
well. Ethanol, by contrast, has a boiling point of +78°C, making ít a liq- 
uid at room temperature. Ít is inÑnitely soluble in water and ¡s the active 
ingredient o£ alcoholic beverages. Consider further cthylamine, C;HạN, 
which has a nitrogen atom on the same basic two-carbon framework. This 
compound 1s a corrosive, pungent, highly toxic gas—most unlike either 
ethane or ethanol. 

Organic molecules are classified according to the functional groups they 
contain, where a functional group ¡s defned as a combination of atoms 
that behave as a unit. Most functional groups are distinguished by the het- 
eroatoms they contain, and some common groups are Ïisted ¡n Table 12.1. 
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Table 12.1 
Functional Groups in Organic Molecules 


General Structure Name Class 
| 
. Hydroxyl group Alcohols 
^ ⁄ 
É bom 
Ñ / Phenolic group Phenols 
@Ge.ŒC 
⁄ \ 
| | 
r® mm Ether group Ethers 
| 
hưnnøi Amine group Amines 
O 
LưỂ«J 
~“ .. — Ketone group Ketones 


Ă—. Aldehyde group Aldehydes 
| 
á _ấ Amide group Amides 
O 
Ừ 
Carboxyl grou Carboxylic acids 
“^oH y! grOUP y 
O 
| 
ẴẶẲ... 
@%«œ— Ester group Esters 


The remainder of this section introduces the cÏasses of organic mole- 
cules shown ¡n Table 12.1. The role heteroatoms play in determining the 
properties of cach class ¡s the underlying theme. Ás you study this material, 
focus on understanding the chemical and physical properties of the various 
classes of compounds, for doing so wilÍ give you a greater appreciation of 
the remarkable diversity of organic molecules and their many applications. 


Concept Check Tả 


What is the significance of heteroatoms in an organic molecule? 
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Hydroxyl group 


Was this Yy0ur anSwer? Heteroatoms largely determine an organic molecules “personality.” 


Alcohols Contain the Hydroxyl Group 


Alcohols are organic molecules in which a #yøxJ grøzp 1s bonded to a 
saturated carbon. The hydroxyl group consists of an oxygen bonded to 
a hydrogen. Because of the polarity of the oxygen-hydrogen bond, low- 
formula-mass alcohols are often soluble in water, which is itself very polar. 
Some common alcohols and their melting and boiling points are listed in 
6EE|5IS H222 


Table 12.2 


Some Simple Alcohols 


Scientifc Common Melting Boiling 
Structure Name Name Point (°C) Point (°C) 
| yóòI 
3 SEï Methanol Methyl alcohol =-7/ 65 
H 
lãt 
| H 
† „9n Ethanol Ethyl alcohol ~115 78 
"1 
H 
H 
độ 4 
Tố P2 2-Propanol Isopropyl alcohol —126 97 
H Ì 
OH 


More than I1 billion pounds o£ methanol, CHạOH, ¡s produced annu- 
ally in the United States. Most of it 1s used for making formaldehyde and 
acetic acid, Important starting materials in the producton of plastics. Ín 
addition, methanol ïs used as a solvent, an octane booster, and an anti-icing 
apent in øgasoline. Sometimes called wood alcohol because it can be obtained 
from wood, methanol should never be ingested because in the body it is 
metabolized to formaldehyde and formic acid. Formaldehyde is harmful to 
the eyes, can lead to blindness, and was once used to preserve dead biologi- 
cal specImens. Formic acid, the active Ingredient in an ant bite, can lower 
the pH of the blood to dangerous levels. [ngesting only about 15 milliliters 
(about 3 tablespoons) of methanol may lead to blindness, and about 30 mil- 
liliters can cause death. 

Ethanol, C;H:OH, ¡s one of the oldest chemicals manufactured by . 
humans. The “alcohol” of alcoholic beverages, ethanol ¡s prepared by feed- 
¡ng the sugars of various pÏants to certain yeasts, which produce ethanol 
throuph a biological process known as #?72£z/z/øøw. Ethanol is widely used 
as an Industrial solvent. For many years, ethanol intended for this purpose 
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Figure 12.11 


Ethanol can be synthesized from the unsaturated hydrocarbon ethene, with phosphoric acid 
as a catalyst. 


was made by fermentation, but today industrial-prade ethanol is more 
cheaply manufactured from petroleum by-products, such as ethene, as Fip- 
ure 12.11 illustrates. 

The liquid produced by fermentation has an ethanol concentration no 
grcater than about L2 percent because at this concentration the yeast begin to 
dịc. Thịs is why most wines have an alcohol content of 11 or 12 percent— 
they are produced solely by fermentation. To attain the higher ethanol con- 
centratlons found in such “hard” alcoholic beverages as gin and vodka, the 
fermented liquid must be distilled. In the United States, the ethanol content 
ofalcoholic beverages is measured as øzøø/£ which is twice the percent ethanol. 
An 86-proof whiskey, for example, is 43 percent ethanol by volume. The term 
Ørøøƒevolved from a crude method once employed to test alcohol content. 
Gunpowder was wetted with a beverage o£ suspect alcohol content. If the 
beverage was primarily water, the powder would not ignite. If the beverage 
contained a signiRicant amount ofethanol, the powder would burn, thus pro- 
viding “proof” of the beverageS worth. 

A third well-known alcohol is isopropyl alcohol, also called 2-propanol. 
Thị is the rubbing alcohol you buy at the drugstore. Although 2-propanol 
has a relatively high boiling point, it readily evaporates, leading to a pro- 
nounced cooling effect when applied to skin—an effect once used to 
reduce fevers. (Isopropyl alcohol is very toxic iingested. Washcloths wet- 
ted with cold water are nearly as effective in reducing fever and far safer.) 
You are probably most familiar with the use of isopropyl alcohol as a top- 
ical disinfectant. 


Phenols Contain an Acidic Hydroxyl Group 


Phenols contain a phenolic group, which consists of a hydroxyÌ proup 
attached to a benzene ring. Because of the presence of the benzene ring, the 
hydrogen of the hydroxyl group ¡s readily lost ín an acid-base reaction, 
which makes the phenolic group mildly acidic. 

The reason for this acidity 1s illustrated in Figure 12.12 on page 3⁄74. 
How readily an acid donates a hydrogen Ion is a function of how well the acid 
is able to accommodate the resulting negative charge It gains after donating 
the hydrogen ion. After phenol donatés the hydrogen ion, ¡t becomes a neg- 
atively charged phenoxide ion. The negative charge of the phenoxide ion, 
however, is not restricted to the oxygen atom. Recall that the electrons of the 
benzene ring are able to migrate around the ring. In a similar manner, the 
electrons responsible for the negative charge of the phenoxide ion are also able 
to miprate around the ring, as shown in Figure 12.12. Just as it is easy Íor 
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Figure 12.12 
The negative charge of the phenoxide ion is able to migrate to select positions on the benzene 


ring. This mobility helps to accommodate the negative charge, which is why the phenolic group 
readily donates a hydrogen ion. 


several people to hold a hot potato by quickly passing it around, it is easy for 
the phenoxide ion to hold the negative charge because the charge gets passed 
around. Because the negative charge of the ion is so nicely accommodated, 
the phenolic group is more acidic than ít would be otherwise. 

The simplest phenol, shown in Eigure 12.13, ¡s called phenol. In 1867, 
Joseph Lister (1827-1912) discovered the antiseptic value of phenol, 


OH 
(9) đ ‹ 


Phenol 4-n-Hexylresorcinol 


OØH ©@ 
_ # —— 
Figure 12.13 
Every phenol contains a phenolic = 


group (highlighted in blue). Thymol Methyl salicylate 
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which, when applied to surgical instruments and incisions, grcatÌy 
Increased surgery survival rates. Phenol was the Ñrst purposefully used anti- 
bacterial solution, or 2/ez¿c. Phenol damages healthy tissue, however, 
and so a number o£ milder phenols have since been introduced. The phe- 
nol 4-z-hexylresorcinol, for example, ¡s commonly used in throat lozenges 
and mouthwashes. This compound has even Ø[€at€T antiseDtiC properties 
than phenol, and yet it does not damage tỉssue. Listerine brand mouthwash 


(named after Joseph Lister) contains the antiseptic phenols thymol and 
methyl salicylate. 


Concept Check v 


Why are alcohols less acidic than phenols? 


Was this YOUT đnñSW€F? An alcohol does not contain a benzene rìng adjacent to the hydroxyl 
group. lf the alcohol were to donate the hydroxyl hydrogen, the result would be a negative charge on the 
oxygen. Without an adjacent benzene ring, this negative charge has nowhere to go. As a result, an alco- 
hol behaves only as a very weak acid, much the way water does. 


The Oxygen of an Ether Group ls Bonded to Two Carbon Atoms 


Ethers are organic compounds structurally related to alcohols. The oxygen 
atom ¡n an ether group, however, is bonded not to a carbon and a hydro- 
gen but rather to two carbons. As we see in Figure 12.14, ethanol and 
dimethyl ether have the same chemical formula, C„H¿O, but their physi- 
cal properties are vastly different. Whereas ethanol ¡s a liquid at room tem- 
perature (boiling point 78°C) and mixes quite well with water, dimethyl 
ether is a gas at room temperature (boiling point —25°C) and ¡s much less 
soluble ¡in water. 


jH. TH In ñ 
| | ⁄ BH CC rZZ 
ha. 
II: AI 
H H Em... 
Ethanol: Soluble in water, Dimethyl ether: Insoluble in water, 
boiling point 78°C boiling point —25°C 
Figure 12.14 


The oxygen in an alcohol, such as ethanol, is bonded to one carbon atom and one hydrogen 
atom. The oxygen in an ether, such as dimethyl ether, is bonded to two carbon atoms. Because 
of this diference, alcohols and ethers of similar molecular mass have vastly different physical 


properties. 
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Ether group 
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Figure 12.15 


Diethyl ether is the systematic name 


for the “ether” historically used as an 


anesthetic. 
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Ethers are not very soluble in water because, without the hydroxyl 
group, they are unable to form strong hydrogen bonds with water (Section 
7.1). Furthermore, without the polar hydroxyl group, the molecular attrac- 
tions among cther molecules are relatively weak. As a result, it does not take 
much energy to separate ether molecules from one another. This is why 
ethers have relatively low boiling points and evaporate so readily. 

Diethyl ether, shown in Figure 12.15, was one of the first anesthetics. 
The anesthetic properties of this compound were discovered in the earÌy 
1800s and revolutionized the practice of surgery. Because ofits hipgh volatil- 
ity at room temperature, ¡nhaled diethyl ether rapidly enters the blood- 
stream. Because this ether has low solubility in water and hiph volatility, it 
quickly leaves the bloodstream once introduced. Because of these physical 
properties, a surgical patient can be broughr in and out ofanesthesia (a state 
of unconsciousness) simply by regulating the gases breathed. Modern-day 
gaseous anesthetics have fewer side effects than diethyl ether but work on 
the same principle. 


Amines Form Alkaline Solutions 


Amines are organic compounds that contain the amine group——a nitrogen 
atom bonded to one, two, or three saturated carbons. Amines are typically 
less soluble in water than are alcohols because the nitrogen-hydrogen bond 
is not quite as polar as the oxypen-hydrogen bond. The lower polarity o£ 
amines also means their boiling points are typically somewhat lower than 
those of alcohols of similar formula mass. Table 12.3 lists three simple 
amines. 


Table 12.3 


Three Simple Amines 
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Figure 12.16 
Low-formula-mass amines like these 
tend to have an offensive odor. 


Putrescine Cadaverine 
(1,4-butanediamine) (1,5-pentanediamine) 


One of the most notable physical properties of many low-formula-mass 
amines is their offensive odor. Figure 12.16 shows two appropriately named 
amines, putrescine and cadaverine, responsible for the odor of decaying flesh. 

Amines are typically alkaline because the nitrogen atom readily accepts 
a hydrogen ion from water, as Figure 12.17 illustrates. 
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Ethylamine acts as a base and accepts a hydrogen ion from water to become the ethylammo- 
nium ion. This reaction generates a hydroxide ion, which increases the pH of the solution. 


A group of naturally occurring complex molecules that are alkaline 
because they contain nitroeen atoms are often called z/2¿z/2/. Because 
many alkaloids have medicinal value, there 1s preat interest in isolating 
these compounds from plants or marine organisms containing them. Às 
shown ín Figure 12.18, an alkaloid reacts with an acid to form a salt that 
is usually quite soluble in water. This is in contrast to the nonionized 
form of the alkaloid, known as a Ø££ 04s¿ and typically insoluble In water. 
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Figure 12.18 
All alkaloids are bases that react with acids to form salts. An example is the alkaloid caffeine, 


shown here reacting with phosphoric acid. 
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Figure 12.19 

Tannins are responsible for the brown 
stains in coffee mugs or on a coffee 
drinkers teeth. Because tannins are 
acidic, they can be readily removed 
with an alkaline cleanser. Use a little 
laundry bleach on the mug, and brush 
your teeth with baking soda. 
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Aldehyde group 


Most alkaloids exist in nature not ¡n their free-base form but rather as 
the saÏt of naturally occurring acids known as 722%, a group of phenol- 
based organic acids that have complex structures. The alkaloid salts Of these 
acids are usually much more soluble in hot water than ¡n cold water. The 
caffeine in coffee and tea exists in the form of the tannin salt, which is why 
coffee and tea are more effectively brewed in hot water. Ás Figure 12.12 
relates, tannins are also responsible for the stains caused by these beverages. 


Concept Check v 


Why do most caffeinated soft drinks also contain phosphoric acid? 


Was this Y0uFT anSWef? The phosphoric acid,as shown in Figure 12.18, reacts with the caffeine to 
form the caffeine-phosphoric acid salt, which is mụch more soluble in cold water than the naturally 
Occurring tannin salt. 


Ketones, Aldehydes, Amides, Carboxylic Acids, 
and Esters All Contain a Carbonyl Group 


The carbonyl group consists ofa carbon atom double-bonded to an oxy- 
gen atom. Ït occurs in the organic compounds known as ketones, alde- 
hydes, amides, carboxylic acids, and esters. 

A ketone ¡is a carbonyl-containing organic molecule in which the car- 
bonyl carbon ¡s bonded to two carbon atoms. Á familiar example of a 
ketone is Z¿/2e, which is often used in ñngernall polish remover and ¡is 
shown ¡in Figure 12.20a. In an aldehyde, the carbonyl carbon 1s bonded 
either to one carbon atom and one hydrogen atom, as in Eigure 12.20b, or, 
¡n the special case of formaldehyde, to two hydrogen atoms. 
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(a) (b) 
Figure 12.20 
(a) When the carbon of a carbonyl group is bonded to two carbon atoms, the result is a ketone. 


An example is acetone. (b) When the carbon of a carbonyl group is bonded to at least one 
hydrogen atom, the result is an aldehyde. An example is propionaldehyde. 
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Aldehydes are responsible for many familiar fragrances. 


Many aldehydes are particularly fragrant. A number of fowers, for exam- 
ple, owe their pleasant odor to the presence of simple aldehydes. The smells 
of lemons, cinnamon, and almonds are due to the aldehydes citral, cin- 
namaldehyde, and benzaldehyde, respectively. The structures of these three 
aldehydes are shown ¡in Figure 12.21. The aldehyde vanillin, introduced at 
the beginning of this chapter, is the key Ñavoring molecule derived from the 

vanilla orchid. You may have noticed that vanilla seed pods and 

vamilla extract are fairly expensive. Imitatilon vanilla favoring 

1s less expensive because ¡t is merely a solution of the com- 

pound vanillin, which is economically synthesized from 

the waste chemicals of the wood puÏp industry. Ïmita- 

tion vanilla does not taste the same as natural vanilla 

extract, however, because In additon to vanillin 

many other favorful molecules contribute to the 

complex taste of natural vanila. Many books 

made ¡in the days before “acid-free” paper smelÏ 

o£ vanilla because of the vamilin formed and 

released as the paper ages, a process that 1s accel- 
erated by the acids the paper contains. 

An amide is a carbonyl-containing organic molecule in which the car- 
bonyl carbon ¡s bonded to a nitrogen atom. The active Ingredient of most 
mosquito repellents ¡s an amide whose chemical name is ,M-diethyl-zz 
toluamide but is commercially known as DEET, shown ¡n Eigure 12.22. 
This compound ¡s actually not an insecticide. Rather, It causes certain 
insects, especially mosquitoes, to lose their sense of directon, which effec- 
tively protects DEET wearers from being bitten. 
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Figure 12.22 

N,N-diethyl-m-toluamide is an example 
of an amide. Amides contain the amide 
group, shown highlighted in blue. 
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A carboxylic acid ¡s a carbonyl-containing organic molecule in whiích 
the carbonyl carbon is bonded to a hydroxyÌ group. Âs is name implies, 
this functional group is able to donate hydrogen Ions, and as a rcsuÏt 
organic molecules containing it are acidic. Ấn example 1s acetic acid, 
C;H„O¿, the main ingredient oÊ vinegar. You may recall that this organic 
compound was used as an example ofa weak acid back in Chapter 10. 

As with phenols, the acidity ofa carboxylic acid results in part from the 
ability of the functional group to accommodate the negative charge of the 
ion that forms after the hydrogen ion has been donated. As shown in Fig- 
ure 12.23, a carboxylic acid transforms to a carboxylate ion as it Ïoses the 
hydrogen ion. The negative charge of the carboxylate ion is able to pass 
back and forth between the two oxygens. This spreading out heÌps to 
accommodate the negative charge. 
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The negative charge of the carboxylate ion is able to pass back and forth between the two 
oxygen atoms of the carboxyl group. 


An interesting example of an organic compound that contains both a 
carboxylic acid and a phenol ¡s salicylic acid, found in the bark of the willow 
tree and illustrated ¡n Figure 12.24a. At one time brewed Íor Its antipyretic 
(fever-reducing) effect, salicylic acid is an important analgesic (painkiller), 
but it causes nausea and stomach upset because of its relatively hiph acidity, 
a result of the presence of two acidic functional groups. In 1899, Friederich 
Bayer and Company, in Germany, introduced a chemically modifed version 
of this compound ¡in which the phenolic øroup was transformed to an ester 
functional group. Because both the carboxyl group and the phenolic group 
contribute to the high acidity o£ salicylic acid, getting rid of the phenolic 
group reduced the acidity of the molecule considerably. The result was the 
less acidic and more tolerable acetylsalicylic acid, the chemical name for 
aspirin, shown in Figure 12.24b. 

Án ester is an organic molecule similar to a carboxylic acid except that 
in the ester the hydroxyl hydrogen is replaced by a carbon. Unlike car- 
boxylic acids, esters are not acidic because they lack the hydrogen of the 
hydroxyl group. Like aldehydes, many simple esters have notable fraprances ` 
and are used as Ñavorings. Some familiar ones are listed in Table 12.4 on 


page 382. 
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Aspirin 
(b) (acetylsalicylic acid) 


Concept Check v 


ldentify all the functional groups in these four molecules (ignore the sul- 
fur group in penicillin G): 
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Acetaldehyde OH 
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HạC ẳ©ØH N 


HO = OH 


Testosterone Morphine 


Was this your answer? Acetaldehyde: aldehyde; penicilin G: amide (two amide groups), 


carboxylic acid; testosterone: alcohol and ketone; morphine: alcohol, phenol, ether,and amine. 


Figure 12.24 

(a) Salicylic acid, found in the bark of 
the willow tree, is an example of a mol- 
ecule containing both a carboxyl group 
and a phenolic group. (b) Aspirin, 
acetylsalicylic acid, is less acidic than 
salicylic acid because it no longer con- 
tains the acidic phenolic group, which 
has been converted to an ester. 
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Table 12.4 


Some Esters and Their Flavors and Odors 


Structure Name Flavor/Odor 
“Í 
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12.4 Organic Molecules Can Link to Form Polymers 


Polymers are exceedinply long molecules that consist of repeating molecu- 
lar units called monomers, as Figure 12.25 illustrates. Monomers have rel- 
atively simplÌe structures consisting of anywhere from 4 to 100 atoms per 
molecule. When chained together, they can form polymers consisting of 
hundreds of thousands of atoms per molecule. These large molecules are 
suill too small to be seen with the unaided eye. They are, however, giants In 
the world of the submicroscopic—If a typical polymer molecule were as 
thick as a kite string, ít would be 1 kilometer long. 

Many of the molecules that make up living organisms are polymers, ' 
including DNA, proteins, the cellulose of pÌants, and the complex carbohy- 
drates of starchy foods. We leave a discussion of these important biological 
molecules to Chapter 13. For now, we focus on the human-made polymers, 
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also known as synthetic polymers, that make up the class of materials cork- 
monly known as plastics. 

Wc begin by exploring the two major types of synthetic polymers used 
today——z//øn polers and condewsazion polywers. Thìs provides a good 
backpround for the discussion of plastics in Chapter 18. 

As shown ¡n Table 12.5 on p2ges 384 and 385, addition and conden- 
satlon polymers have a wide variety of uses. Solely the product of human 
design, these polymers pervade modern living. In the United States, for 
example, synthetic polymers have surpassed steel as the most widely used 
material. 


Addition Polymers Result from the Joining Together of Monomers 


Addition polymers form simply by the joining together of monomer units. 
For this to happen, cach monomer must contain at least one double bond. 
As shown ¡in Figure 12.26, polymerization occurs when two of the electrons 
from cach double bond split away from each other to form new covalent 
bonds with neighboring monomer molecules. During this process, no 
atoms are lost, meaning that the total mass of the polymer ¡s equal to the 
sum of the masses of all the monomers. 
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The addition polymer polyethylene is formed as electrons from the double bonds of ethylene 
monomer molecules split away and become unpaired valence electrons. Each unpaired electron 
then joins with an unpaired electron of a neighboring carbon atom to form a new covalent 
bond that links two monomer units together. 


Figure 12.25 

A polymer is a long molecule con- 
sisting of many smaller monomer 
molecules linked together. 
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Table 12.5 


Addition and Condensation Polymers 
Addition Polymers 


Polyethylene (PE) 


Polypropylene (PP) 


Polystyrene (PS) 


Polyvinyl chloride (PVC) 


Polyvinylidene chloride (Saran) 


Polytetrafluoroethylene (Teflon) 


Polyacrylonitrile (Orlon) 


Polymethyl methacrylate (Lucite, Plexiglas) 


Polyvinyl acetate (PVA) 
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Repeating Unit 


Common Ủses 


Plastic bags, bottles 


Indoor-outdoor carpets 


Plastic utensils, insulation 


Shower curtains, tubing 


Plastic wrap 


Nonstick coating 


Yarn, paints 


Windows, bowling balls 


Adhesives, chewing gum 


Recycling Code 


C 


HDPE 
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(continued) 
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Table 12.5 (continued) 
Addition and Condensation Polymers 


Condensation Polymers 


Ï ï 

C—(CH2)„—C ` 
Nylon sc vãi `N—(CH,CH2;—N 
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Polyethylene terephthalate ï ï 
(Dacron, Mylar) : 'SẺNG 7. 
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ï 
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Melamine-formaldehyde resin Nc ï"... 
(Melmac, Formica) Ì | 
N N 
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Carpeting, clothing 


Clothing, plastic bottles 


Dishes, countertops 
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Nearly 12 million tons of polyethylene ¡s produced annually ¡in the 
United States; thars about 90 pounds per U.S. citizen. The monomer from 
which ¡t is synthesized, ethylene, is an unsaturated hydrocarbon produced 
in large quantities from petroleum. 

1wo principal forms of polyethylene are produced by using diferent 
catalysts and reactlon conditons. Hiph-density polyethylene (HDPE), 
shown schematically in Figure 12.27a, consists of long strands o£ straipht- 
chain molecules packed closely together. The tipht alipnment of neighbor- 
¡ng strands makes HDPE a relatively rigid, tough plastic useful for such 
things as bottles and milk jugs. Low-densiry polyethylene (LDPE), shown ¡in 
Figure 12.27b, ¡is made of strands of highly branched chains, an architec- 
ture that prevents the strands from packing closely together. This makes 
LDPE more bendable than HDPE and gives it a lower meltng point. While 
HDPE holds its shape in boiling water, LDPE deforms. Ít is most useful for 
such items as plastic bags, photographic fiÍm, and electrical-wire insulation. 


s.9/” 


(b) Molecular strands of LDPE 


N 
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(a) Molecular strands of HDPE 


Figure 12.27 
(a) The polyethylene strands of HDPE are able to pack closely together, much like strands of 


uncooked spaghetti. (b) The polyethylene strands of LDPE are branched, which prevents the 
strands from packing well. 
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Figure 12.28 Propylene monomers 
Propylene monomers polymerize to 
form polypropylene. 


Poly ation 


Other addition polymers are created by using different monomers. The 
only requirement is that the monomer must contain a double bond. 
The monomer propylene, for example, yields polypropylene, as shown in 
Eigure 12.28. Polypropylene ¡s a tough plastic material useful Íor pipes, 
hard-shell suitcases, and appliance parts. Eibers of polypropylene are used 
for upholstery, ndoor-outdoor carpets, and even thermal underwear. 

Eigure 12.29 shows that using styrene as the monomer yields poÌystyrene. 
Transparent plÌastic cups are made of polystyrene, as are thousands of other 
household items. Blowing gas into liquid polystyrene generates Styrofoam, 
widely used for coffee cups, packing material, and insulation. 


Styrene monomers 


Polystyrene 


Figure 12.29 
Styrene monomers polymerize to form 
polystyrene. 
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Figure 12.30 

PVC is tough and easily molded, which 
is why it is used to fabricate many 
household items. 
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Another important addition polymer is polyvinylchloride (PVC), which 
1s tough and easily molded. Floor tiles, shower curtains, and pipes are most 
often made of PVC, shown in Figure 12.30. 

The additon polymer polyvinylidene chloride (trade name Saran), 
shown ¡n Figure 12.31, ¡s used as plastic wrap for food. The large chỈorine 
atoms in this polymer heÌp ït stick to surfaces such as glass by dipole=induced 
dipole attractions, as we saw in Section 7.]. 
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(Saran) | | | | | | | | | | The large chlorine atoms in polyvinyl- 


Kẻ Í1 :  nÌ:: LÍ pH CB H C1 idene chloride make this addition 


polymer sticky. 
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Figure 12.32 

The fluorine atoms in polytetrafluoro- 
ethylene tend not to experience 
molecular attractions, which is why 
this addition polymer is used as a 
nonstick coating and lubricant. 
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The addition polymer polytetrafuoroethylene, shown in Figure 12.32, 
is what you know as Tefon. Ïn contrast to the chÏorine-containing Saran, 
Ñuorine-containing TeRon has a nonstick surface because the fuorine 
atoms tend not to experience any molecular attractions. In addition, 
because carbon-fuorine bonds are unusually strong, Tefon can be heated 
to hiph temperatures before decomposing. These properties make TeRon 
an ideal coating for cooking surfaces. It is also relatively inert, which 1s 
why many corrosive chemicals are shipped or stored in Tefon containers. 


Concept Check v 


What do all monomers of addition polymers have in common? 


Was this Y0Uuf ânSW€F? A double covalent bond between two carbon atoms. 


Condensation Polymers Form with the Loss of Small Molecules 


A condensation polymer ¡s one formed when the Jotning of monomer units 
is accompanied by the loss of a small molecule, such as water or hydrochlo- 
ríc acid. Any monomer capable of becoming part of a condensation polymer 
must have a functional group on cach end. When two such monomers come 
together to form a condensation polymer, one functional group of the Ñrst 
monomer links up with one functional group of the other monomer. The 
result is a two-monomer unit that has two terminal functional øgroups, one 
from cach of the two original monomers. Each of these terminal functional 
øroups in the two-monomer unit 1s now free to link up with one of the func2 
tional groups o£a third monomer, and then a fourth, and so on. Ín this way 
a polymer chain is built. Fipure 12.33 shows this process for the condensa- 
tioön polymer called nylon, created in 1937 by DuPont chemist WWallace 
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Carothers (1896-1937). This polymer ¡is composed of two different mon- Figure 12.33 

omers, as shown in Figure 12.33, which classiles it as a cøøøÖjzzz. ne Adipic acid and hexamethylenediamine 
monomer ¡is adipic acid, which contains two reactive end groups, both car- Tu hố? Côndengatie 
boxyl groups. The second monomer ¡s hexamethylenediamine, in which two 

amine groups are the reactive end groups. One end of an adipic acid mole- 

cule and one end o£a hexamethylamine molecule can be made to react with 

cach other, splitting offa water molecule in the process. After two monormers 

have joined, reactive ends suilÍ remain for further reactions, which leads to a 

growing polymer chain. Aside from its use in hosiery, nylon also ñnds great 

use in the manuficture oỂ ropes, parachutes, clothing, and carpets. 


Concept Check v 


The structure of 6ö-aminohexanoic acid is 


H,N JJSU) .ifÀ Ail))|.7 


O 


Is this compound a suitable monomer for forming a condensation poly- 
mer? lf so, what is the structure of the polymer formed, and what small 
molecule is split off during the condensation? 
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Terephthalic 
acid 


Was this Y0UuF anSWeF? Yes,because the molecule has two reactive ends.You know both ends are 
reactive because they are the ends shown in Figure 12.33. The only difference here is that both types of 
reactive ends are on the same molecule. Monomers of 6-aminohexanoic acid combine by splitting off 
water molecules to form the polymer known as nylon-6: 


Another widely used condensation polymer ¡s polyethylene terephtha- 
late (PET), formed from the copolymerization of cthylene glycol and 
terephthalic acid, as shown in Eigure 12.34. Plastic soda bottles are made 
from this polymer. Also, PET fibers are sold as Dacron polyester, used in 
clothing and stuffng for pillows and sleeping bags. Thin fñÌms of PET are 
called Mylar and can be coated with metal particles to make magnetic 
recording tape or those metallic-looking balloons you see for sale at most 
grocery store check-out counters. 


Ethylene 
HạO HạO Zố 


Poly ation 


Polyethylene terephthalate (PEr) 


Figure 12.34 


Terephthalic acid and ethylene glycol polymerize to form the condensation copolymer 
polyethylene terephthalate. 


Monomers that contain three reactive functional groups can also 
form polymer chains. These chains become interlocked in a rigid three- 
dimensional network that lends considerable strenpth and durability to the 
polymer. Once formed, these condensation polymers cannot be remelted 
or reshaped, which makes them hard-set, or /2?7øsể#, polymers. A good: 
example is the thermoset polymer shown In Eipure 12.35, formed from the 
reaction of formaldehyde with melamine. Hard plastic dishes (Melmac) 
and countertops (Formica) are made of this material. A similar polymer, 
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Melmac 


Figure 12.35 
The three reactive groups of melamine allow it to polymerize with formaldehyde to form a 


three-dimensional network. 


Bakelite,:made ftom formaldehyde and phenols containing multiple oxy- 
gen atoms, is used to bind plywood and particle board. Bakelite was syn- 
thesized ¡n the early 1900s, and ¡t was the first widely used polymer. 


ln Perspective 


The synthetic-polymers industry has grown remarkably over the past 50 
years. Annual production of polymers in the United States alone has prown 
from 3 billion pounds in 1950 to 00 billion pounds in 2000. Today, ít 1s a 
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Figure 12.36 
Flexible and flat video displays can 
now be fabricated from polymers. 


Hands-On Chemistry: Racing Water Drops 


The chemical composition of a polymer has a significant effect on its macro- 
scopic properties. To see this for yourselfí, place a drop of water on a new plas- 
tỉc sandwich bag, and then tilt the bag vertically so that the drop races off. 
Observe the behavior of the water carefully. Now race a drop of water off a 
freshly pulled strip of plastic food wrap. How-does the behavior of the drop on 
the wrap compare with the behavior of the drop on the sandwich bag? 

Most brands of sandwich bags are made of polyethylene terephthalate, 
and most brands of food wrap are made of polyvinylidene chloride. Look care- 
fully at the chemical composition of these polymers, shown in Table 12.5. 
Which contains larger atoms? Which might.be involved in stronger dipole- 
induced dipole interactions with water? Need help with these questions? Refer 
back to Sections 6.7 and 7.1. 


challenge to ñnd any consumer item that does øø/ contain a plastic of one 
sort or another. Iry this yourself. 

In the future, watch for new kinds of polymers having a wide range 
of remarkable properties. One interesting application ¡s shown In Figure 
12.36. We already have polymers that conduct electricity, others that emit 
light, others that replace body parts, and still others that are stronger but much 
lighter than steel. Imagine synthetic polymers that mimic photosynthesis by 
transforming solar energy to chemical energy or efficiently separate fresh water 
from the oceans. These are not dreams. They are realities chemists have already 
demonstrated ¡n the laboratory. Polymers hold a clear promise for the future. 

The plastics industry is but one outgrowth of our knowledge of organic 
chemistry. As we explore in the next chapter, our understanding of life itself 
is based on our understanding of the properties of carbohydrates, fats, pro- 
teins, and nucleic acids, all of which are polymers containing the functional 
øroups introduced in this chapter. 


Key Terms and Matching Definitions 


DI 


§Ộ: 


addition polymer 
alcohol 

aldehyde 

amide 

amine 

aromatic compound 
carbonyÌ group 
carboxylic acid 
condensation polymer 
conformation 

€SL€T 

ether 

functional group 
heteroatom 
hydrocarbon 

ketone 

monomer 

organic chemistry 
phenol 

polymer 

saturated hydrocarbon 
structural Isomers 
unsaturated hydrocarbon 


._ The study of carbon-containing compound:. 
. A chemical compound containing only carbon 


and hydrogen atoms. 


- Molecules that have the same molecular formula 


but different chemical structures. 


. One of the possible spatial orlentations of a 


molecule. 


..A hydrocarbon containing no multiple covalent 


bonds, with each carbon atom bonded to four 
other atoms. 


..A hydrocarbon containing at least one multiple 


covalent bond. 


. Any organic molecule containing a benzene 


ring. 


. Any atom other than carbon or hydrogen In an 


organic molecule. 


. Á specifc combination of atoms that behave as 


a unit in an organic molecule. 


. An organic molecule that contains a hydroxy] 


group bonded to a saturated carbon. 

Án organic molecule in which a hydroxyÌ group 
is bonded to a benzene ring. 

An organic molecule containing an oxygen 
atom bonded to two carbon atoms. 


L5, 


14. 


1o: 


Hi, 


17. 


18. 


lô): 


ĐT 
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An organic molecule containing a nitrogen 
atom bonded to one or more saturated carbon 
atoms. 

A carbon atom double-bonded to an oxygen 
atom, found in ketones, aldehydes, amides, 
carboxylic acids, and esters. _ 
An organic molecule chi a carbonyl 
øroup the carbon of whƒch is bonded to two 
carbon atoms. / 

An organic molecule còntaining a carbonyl 
group the carbon of which 1s bonded either to 
one carbon atom and one hydrogen atom or 
to two hydrogen atoms. 

An organic molecule containing a carbonyl 
group the carbon of which ¡s bonded to a 
nItropen atom. 

An organic molecule containing a carbonyl 
group the carbon of which ¡s bonded to a 
hydroxyl group. 

An organic molecule containing a carbonyl 
group the carbon of which 1s bonded to one 
carbon atom and one oxygen atom bonded ro 
another carbon atom. 


..A long organic molecule made of many repeat- 


Ing uưnIts. 


.- The small molecular unit from which a polymer 


is formed. 


. Á polymer formed by the Joining together of 


monomer units with no atoms lost as the poly- 
mer forms. 

A polymer formed by the Joining together of 
monomer units accompanied by the Ìoss of a 
small molecule, such as water. 


Review Questions 
Hydrocarbons Contain Only Carbon and Hydrogen 


là 
2À. 
Bộ 


Nhat are some examples of hydrocarbons? 
Nhat are some uses o£ hydrocarbons? 


How do two structural isomers differ from each 
other? 


. How are two structural isomers similar to each 


other? 


. What physical property of hydrocarbons ¡s used 


in fractional distillation? 


. What types of hydrocarbons are more abundant 


in higher-octane gasoline? 
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7. To how many atoms is a saturated carbon atom 


bonded? , 


Unsaturated Hydrocarbons Contain Multiple Bonds 


8. What ¡s the difference between a saturated 
hydrocarbon and an unsaturated hydrocarbon? 


9. How many multiple bonds must a hydrocarbon 
have in order to be classifed as unsaturated? 


10. Aromatic compounds contain what kind of ring? 


Organic Molecules Are Classified by Functional Group 
11. What is a heteroatom? 


12. Why do heteroatoms make such a difference in 
the physical and chemical properties of an 
organic molecule? : 


13. Which molecule should have the higher boiling 
point and why: 


..... 
6€ CH (L1 ()H 
14. Why are low-formula-mass alcohols soluble in 
water? 
15. What distinguishes an alcohol from a phenol? 
16. What distinguishes an alcohol from an ether? 


17. Why do ethers typically have lower boiling 
points than alcohols? 


18. Which heteroatom í¡s characteristic of an amine? 
19. Do amines tend to be acidic, neutral, or basic? 
20. Are alkaloids found In nature? 

21. What are some examples of alkaloids? 

22. Which elements make up the carbonyÌ group? 


23. How are ketones and aldehydes related to cach 
other? How are they different from cach other? 


24. What is one commercially useful property of 
aldehydes? 


25. How are amides and carboxylic acids related to 
cach other? How are they different from cach 
other? 


26. From what naturally occurring compound is 
aspirin prepared? 


27. Identify cach molecule as hydrocarbon, alcohol, 
or carboxylic acid: 


Của 


lệ) 

| OH 

H 
CH;CH;CH;CH; 


Organic Molecules Can Link to Form Polymers 
28. What happens to the double bond ofa 


monomer participating ¡n the formation ofan 
addition polymer? 


29, Nhat is released ¡n the formation ofa conden- 
satlon polÌymer? 


30. Why ¡s plastic food wrap a stickier plastic than 
polyethylene? 


31. What ¡s a copolymer? 


Hands-On Chemistry Insights 
Twisting Jellybeans 


What you should discover in this activity 1s that 
the carbon-carbon double bond greatly restricts the 
number of possible conformations for an organic 
molecule. While øz-butane, for instance, can twist 
like a snake, 2-butene is restricted to one of two pos- 
sible conformations. (Check back to Figure 12.7 for 
the structures of these two molecules.) Ín one con- 
formation, the two end carbons are on the same side 
of the double bond——this ¡s called the c/£ conforma- 
tion. In the second conformation, the two end car- 
bons are on opposite sides of the double bond——the 
/#4„s conformation: 


THẾ li 2U: NI ,- 
SJC SỐ) °=. 
„ ` 
lhi H H TL... 
cis-2-Butene trans-2-Butene 


Because the double bond cannot rotate, the 7 and 
fzs conformations are not ¡interconvertible. They 
therefore represent two different molecules (struc- 
tural isomers), cach having its own unique set of 
PTOPertics. The melting point of ¿-2-butene, for 
example, is — 139°C, while that of øzøs-2-butene is 
a warmer — 106°C, 


Racing Water Drops 


You may need to play around with the drops for a 
while in order to see the differing affinities that the 
bag and wrap have for water. Qne way to do this is to 
tape the polymers side by side stretched out on a 
sturdy plece of cardboard. Tilt the cardboard to vari- 
ous angles, testing for the speed with which water 
drops roll down the Incline on the two surfaces. Ulri- 
mately, you should ñnd that the drops roll more 
slowly on the wrap (polyvinylidene chloride) than on 
the bag (polyethylene terephthalate). The source of 
this greater “stickiness” in the wrap 1s the fairly large 
chÏorine atoms of the polyvinylidene chloride. Recall 
from Section 7.1 that the larger the atom, the greater 
its potential for forming induced dipole molecular 
1111€faCtiOns. 

The greater stickiness of the wrap 1s also appar- 
ent when you try to glide one sheet of wrap over 
another. 


ExerCISeS 


1. Which contains more hydrogen atoms: a 
Rve-carbon saturated hydrocarbon molecule 
or a fñve-carbon unsaturated hydrocarbon 
molecule? 


2Š Why does the melting point of hydrocarbons 
increase as the number of carbon atoms per 
molecule Increases? 


3. Draw all the structural isomers for hydrocar- 
bons having the molecular formula C„Hp. 


4. Draw all the structural isomers for hydrocar- 
bons having the molecular formula CaH;¿. 


5, How many structural isomers are shown herc: 


X.': 


`. ¬v” 
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6. Which two of these four structures are of the 
same structural isomer: 


^^ ~¬ 


¬- 


7. 0nhệ t€mperatures In a fractionating tower at an 
oil refnery are Important, but so are the pres- 
sures. Where might the pressure In a Íractionat- 
¡ng tower be preatest, at the bottom or at the 
top? Defend your answer. 


8. Heteroatoms make a difference ¡n the physical 
and chemical properties of an organic molecule 
because 
a. they add extra mass to the hydrocarbon 
StUCLUF€. 

b. cach heteroatom has its own characteristic 
chemistry. 

c. they can enhance the polarity of the organic 
molecule. 


d. all of the above. 
9, Why mipht a hiph-formula-mass alcohol be 


insoluble In water? 


10. What is the percent volume of water in 


80-proof vodka? 


11. How does ingested methanol lead to the damag- 
Ing of a persons eyes? 


12. One of the skin-irritating components of poison 
oak is tetrahydrourushiol: 


©OH 
OH 


Z⁄ Z⁄ 


The long, nonpolar hydrocarbon tail embeds 
itself in a person5 oily skin, where the molecule 
initiates an allergic response. Scratching the ¡tch 
spreads tetrahydrourushiol molecules over a 
grcater surface area, causing the zone of Irrita- 
tion to grow. Ïs this compound an alcohol or a 
phenol? Defend your answer. 
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13. The phosphoric acid salt _ caffeine has the 17. Explain why caprylic acid, CHz(CH;)¿COOHNH, 
StrUCtUF€ dissolves in a 5 percent aqueous solution of 
sodium hydroxide but caprylaldehyde, 
.. CH;(CH;)¿CHO, doss not. 


18. In water, does the molecule 


X H;PO,~ 


⁄ZCH; 
N 
CH, 
CH: 
Caffeine-phosphoric acid salt 
Thịs molecule behaves as an acid in that ít can 
donate a hydrogen ion, created from the hydro- 
gen atom bonded to the positively charged lzserdlc acid diEi0 1T T5 
nitropen atom. What are all the products 
formed when I mole of this salt reacts with act as an acid, a base, neither, or both? 
Lm TẠO DA NO VÀ ANH AuA. 19. lfyou saw the label phenylephrine + HCI 
on a decongestant, would you worry that 
14. The solvent diethyl ether can be mixed with consuming it would expose you to the strong 
water but only by shaking the two liquids acid hydrochloric acid? Explain. 
together. After the shaking ¡s stopped, the 
liquids separate Into two layers, much like oil HO H H 
and vinegar. The free-base form of the alkaloid li _ 
caffeine is readily soluble in diethyl ether but HO 'b bại Cl 
not in water. Supsest what might happen to CH; 


the caffecine of a caffeinated beverage If the 
beverage was first made alkaline with sodium 
hydroxide and then shaken with some diethyl 
ether. 


Phenylephrine-hydrochloric acid salt 


20. Suggest an explanation for why aspirin has a 
15. Alkaloid salts are not very soluble in the organic SOUT tASt. 
solvent diethyl ether. What might happen to the 
free-base form of caffeine dissolved in diethyl 
ether If gaseous hydrogen chloride, HC], were 
bubbled into the solution? 


21. An amino acid is an organic molecule that 
contains both an amine group and a carboxyl 
group. At neutral pH, which structure is more 


likcly: 

lành HO 

`" ”' 

ò (a) H—N—>C—C 
X Lin 
H ©H 

CHỊ “sẽ: 

Caffeine (b) ]juc `... 
(free base) | | Ñ ` 
H H 9Ð 


16. Draw all the structural isomers for amines hav- 
¡ng the molecular formula CzHạN. Explain your answer. 


22. An amino acid is an organic molecule that 
contains both an amine group and a carboxyl 
group. Ất an acidic pH, which structure ¡s 
most likcly; 


: 

(0M CC 
| 
H H O 

: 

“— 
H Ụ O©OH 

H H O 

mm 

`. 
`. 


Explain your answer. 


23. Identify the following functional groups In this 
organic molecule—amide, ester, ketone, ether, 
alcohol, aldehyde, amine: 


ÓCH; 


24. Would you expect polypropylene to be denser 
or less dense than low-density polyethylene? 


Why? 


25. Many polymers emit toxic fumes when burning. 
WWhich polymer in Table 12.5 produces hydro- 
gen cyanide, HCN? Which two produce toxic 
hydrogen chloride gas, HCl 


26. One solution to the problem offour overfowing 
landRlls is to burn plastic objects instead o£ 
burying them. What would be some of the 
advantages and disadvantages of this practicc? 
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27. Which would you expect to be more viscous, a 
polymer made of long molecular strands or one 
made of short molecular stands? Why? 


28. Hydrocarbons release a lot of energy when 
Ignited. ÑWhere does this energy come from? 


29. What type of polymer would be best to use in 
the manufacture of staIn-resIstant carpets? 


30. As noted in the Concept Check on page 389, 
the compound 6-aminohexanoic acid is used 
to make the condensation polymer nylon-6. 
Polymerization ¡s not always successful, how- 
ever, because of a competing side reaction. 
Nhat ¡s this side reaction? Would polymerlza- 
tion be more likely in a dilute solution of this 
monomer or in a concentrated solution? WWhy? 


Exploring Further 


P.W. Atkins, Ä⁄2/zcz/ss. New York: W. H. Freeman, 
1987. 
An enchanting account of some of the more 
important organic molecules o£ nature as welÏ 
as those produced by chemists. Written for the 
general public, the dialogue 1s warm, Intriguing, 
and accompanied by spectacular photographs. 


http://www.icco.org 
The home page of the International Cocoa 
Organization. Throuph this site, you can find 
answers to many of the questions you may have 
reparding the chemistry of chocolate and Its 
path from the cocoa tree to your mouth. 


http://www.chevron.com/about/learning_ center 
Web address for the Learning Zone of the 
Chevron Corporation, where you can ñnd 
information about crude oil and the reining 


PrOC€SS. 
"the : 
vGnEtuery 
c place 


Organic Compounds 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 


The Nutrients That Make Úp Our Bodies 


We absorb molecules from the food we eat and either use them for their 
energy content or else incorporate them into the various structures that give 
our bodies both form and function.No molecule in a living organism is a per- 
manent resident, however. Rather, there is perpetual change as molecules 
ingested in the latest batch of food are transformed to replace older mole- 
cules in the organism. Within seven years, for example, most of the molecules 
in a human body have been replaced by new ones—the body you have today 
is not the one you had seven years ago! 

What then is an individual? lf not the molecules themselves, then how 
about the patterns in which they are assembled? A glance at a set of identi- 
cal twins tells you the answer to this second question is no. The molecular 
patterns in any organism are determined by the organism's genetic code, 
and identical twins have identical genetic codes. Each member in a set of 
identical twins has its own unique personality, however, despite the fact that 
the two persons have identical molecular patterns. 

Interestingly, the genetic code you have today is the same as the one you 
had in your yesteryears, but you are now made of a diferent set of mole- 
cules—not unlike two identical twins. Aside from memories, perhaps you are 
as different from your past self a§ two identical twins are from each other. 
Perhaps an individuals identity is continually re-established each and every 


momentt. 
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Figure 13.1 

Macroscopic, microscopic, and sub- 
microscopic views of an animal and 
a plant. 


Although this chapter cannot promise any insights into the intriguing questions 
of existence, it will give you a basic understanding of biomolecules—the molecules 
that make up living organisms—and the remarkable roles they play in your body. 


Kí Biomolecules Are Produced and Utilized in Cells 


The fundamenral unit of almost all organisms is the e¿/, Cells are typically 
so small that you need a microscope to see them ¡ndividually. About ten 
average-sized human cells, for example, could ít within the period at the 
end of this sentence. Figure 13.1 shows a typical animal celÏ and a typical 
plant cell. 


membrane Nucleus membrane 


Plasma : “ Plasma 


Nucleus 


Organelles 


Animail call 


Cells 


Carbohydrate Lipid Protein Nucleic acid 


Biomolecules 
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Every cell has a ø/2g⁄2 7zezbzz»e. More than just a boundary, the 
plasma membrane allows molecules to pass into and out of the cell and pro- 
vides sites where important chemical reactions occur. In animal cells, the 
plasma membrane is the outermost part of the cell, but the plasma mem- 
branes of plant cells are bounded by a rigid e¿l! zz/J that protects the cells 
and gives them structure. 

Housed within cach cell is the ee zzelz„s, which contains the genetic 
code. Everything between the plasma membrane and the cell nucleus ¡s the 
cJ£2pl2s2, which consists of a variety oŸ microstructures suspended in a vis- 
cous liquid. These microstructures, called ozø4zclle, work together ¡n the 
synthesis, storape, and export o£ important biomolecules. 

The great majority of the biomolecules used by cells are either carbo- 
hydrates, lipids, proteins, or nucleic acids. In addition, most cells need 
small amounts of vitamins and minerals in order to function propcrly. We 
now discuss all these categories of biomolecules. 


15.2 Carbohydrates Give Sfructure and Energy 


Carbohydrates are molecules of carbon, hydrogen, and oxygen produced 
by plants throuph photosynthesis. The term e2zø/yz/ 1s derived from 
the fact that plants make these molecules from carbon (from atmospheric 
carbon dioxide) and water. The term saccharide is a synonym for e2z0ø/y- 
yzức, and a owos2ccbar/4e (“one saccharide”) is the fundamental carbohy- 
drate unit. Ïn most monosaccharides, each carbon atom ¡s bonded to at 
least one oxygen atom, most often in the form ofa hydroxyl group. There 
are many kinds of monosaccharides. The structures of the two most com- 
mon ones, ølucose and fructose, are shown in Figure 13.2. 


Glucose Fructose 


Figure 13.2 
Honey is a mixture of the monosaccharides glucose and fructose. Glucose is a six-membered 


ring, and fructose is a five-membered ring. For simplicity, the stick structures introduced in 
Chapter 12 are shown below each molecular model. 
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.~.. CH;OH 


`, Hà OH HOCH,Qo_ H 
ni đ Đ, H HỘ 
O 
HỖ CH,OH 
H OH ÒH H 


Sucrose 


| 


CH,OH 
Ă. H HỘ 
HO OH HO CHạOH 
lại ©œH ©ØH H 
Glucose Fructose 


Figure 13.3 
Disaccharides, such as sucrose, consist of two chemically bonded monosaccharide units, which 
are cleaved during digestion. 


Monosaccharides are the building blocks of 27s⁄2cecb277⁄/s, which are car- 
bohydrate molecules containing two monosaccharide units. Figure 13.3 
shows table sugar—sucrose—the most well-known disaccharide. In the 
dipestive tract, sucrose 1s readily cleaved into its monosaccharide units, gÌu- 
cose and fructosc. 

Another important disaccharide ¡s lactose, shown in Figure 13.4. Lac- 
tose is the main carbohydrate in miÌk. In the dipestive tract, it 1s cleaved into 
the monosaccharides galactose and glucose by the enzyme lactase, which 
most children produce in abundance up to about the age of six. Thereafter, 
the production of this enzyme decreases, with the result that some adults 
produee little or none. Thịs leads to /c/øs 7Z2/o/2z4c, a condition in which 
Ingeston of milk or milk products causes bloating, flatulence, and painful 
cramps. These symptoms result as certain intestinal bacteria vigorously 
digest the lactose. In do¡ng so, they generate large amounts of øases, sụch as 
hydrogen, Hạ. To relieve these symptoms, some milk products are treated 
with 4e/42pzi⁄s 07ƒu44„s, a strain of bacteria that destroy gas-causing bacte- 
ria in our dipestive tract. Âside from abstaining from milk products, an aÌter- 
native solution is to add a commercially available lactase enzyme to miÌk or 
milk products before consuming them. 
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CH;OH 
CH„OH HỆ © OH 
OH H 
H H H ©@H 
H C)H 


Lactose 


Galactose Glucose 


Figure 13.4 
Milk and milk products contain the disaccharide lactose, which is digested to galactose and 
glucose. 


Monosaccharides and disaccharides are classifled as s72 e2rboby4?fes 
where the word s7ø/ is used because these food molecules consist of onÌy 
one or two monosaccharide units. Most simple carbohydrates have some 
degree of sweetness and are also known as sugars. 


Polysaccharides Are Complex Carbohydrates 


Recall from Chapter 12 that polymers are large molecules made oÊ repeating 
monomer units. Monosaccharides are the monomers that link to form the 
biomolecular polymers called øøjszcezz;44s which contain hundreds to 
thousands of monosaccharide units. Polysaccharides can be buiÏt Írom any 
type oÊmonosaccharide units. Qur bone joints are lubricated by the polysac- 
charide hyaluronic acid, for example, which consists ofalternating gÌucuronic 
acid and M-acetylglucosamine, as shown in Figure 13.5a on page 404. 

The exoskeletons (protective shells) of insects and some marine organ- 
isms, such as crabs and shrimp, are made o£ chitin, a hard, resilient poly- 
saccharide made of the monosaccharide A“acetylglucosamine, as shown 
in Figure 13.5b. Wood varnish once contained chiún from the exoskele- 
tons oỂ insects. In powdered form, chitin is now finding use as a dietary 


ñber supplement. 


Carbohydrates 
Simple 


Monosaccarides 
Glucose 
Fructose 


Disaccharides 
Sucrose 
Lactose 


Complex 


Polysaccharides 
Hyaluronic 
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Chitin 
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Glycogen 
Cellulose 
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Figure 13.5 

(a) Hyaluronic acid, a lubricant in bone 
joints, is a polysaccharide consisting 

of the monosaccharides glucuronic 
acid and N-acetylglucosamine. (b) The 
exoskeletons of insects, crabs, shrimp, 
and lobsters are made of chitin, a poly- 
saccharide containing only N-acetyl- 
glucosamine units. 


H @H N-Acetylglucosamine 


Hà. 


CH,OH 


H ñh © OH 
H 
HO XU H 
Ø) 
H | 


NHCCH; 


N-Acetylglucosamine 


Although a polysaccharide can be made ofany type of monosaccharide 
units, the polysaccharides o£ the human diet are made only o£ glucose. 
These polysaccharides include s/2zcó, øÖcoge», and celHuiose, which differ 
from one another only in how the gÌucose units are chained together. All 
polysaccharides, but especially the ones in our diet, are known as e0/ax ' 


carbobyrates, where cø?wplex refers to the multitude of monosaccharide 
units linked together. 
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Concept Check v 


What makes a simple carbohydrate simple and a complex carbohydrate 
.complex? 


Was this YyOUF answer? Simple carbohydrates are simple in the sense that they consist of only one 
Or two monosaccharide units per molecule. Complex carbohydrates are complex in the sense of consist- 
¡ng of high numbers of monosaccharide units per molecule. 


572c? 1s a polysaccharide produced by plants to store the abundance 
of glucose formed during photosynthesis, which ¡is the process whereby 
plants absorb solar energy and convert it to the chemical energy of sugar 
molecules. (We shalÏ return to a discussion of photosynthesis in Chapter 
15.) On cloudy days or at nipht, the breakdown of starch polymers to gÏu- 
cose gives the plant a constant energy supply. Animals can also obtain gÏu- 
cose from plant starch, which makes plant starch an all-important food 
source. Most plants store the starch they produce either in their seeds or 
in their roots. 

A starch molecule may contain up to 6000 glucose units, although 
this number is hiphly variable and can be as low as 200. Plants produce 
two forms of starch, 2z/øs£ and 2#zy/opeciz, as 1Ìustrated in Flgure 13.6. 


Starch granules 
in potato cell 


Figure 13.6 
Amylose and amylopectin are two forms of plant starch. 


Amylose 
(20%) 


”*<.... Amylopectin 


Ô (80%) 


l9) 
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In amylose, the glucose units are linked together in chains that coil. In 
amylopectin, the glucose units are also linked together in coiling chains, 
but in addition there is periodic branching in the chains. The starch of 
most starchy foods, such as bread and potatoes, 1s about 20 percent amy- 
lose and 80 percent amylopectin. As these foods are digested, glucose units 
are broken off the ends of the chains. In Figure 13.6, you can see that, 
because of its branching, amylopectin has more ends than amylose does. 
Therefore, amylopectin releases glucose units at a faster rate than amyÌose 
does. 

Ifyou hold a piece of bread in your mouth for a few minutes, it begins 
to taste swcet, which ¡s a signal that digeston has begun and gÌucose ¡s 
being released. 


Hands-On Chemistry: Spit in Blue 


When iodine is mixed with starch, the amylose strands coil around the iodine 
molecules, forming a starch-iodine complex that has a characteristic dark blue 
color. The more starch present in a solution, the deeper the blue. The formation 
of this color is used to identify the presence of starch. In this activity, you wilÍ 
use an iodine solution to test for the presence of amylose and the amylose- 
digesting action of your saliva. 


What You Need 
Potato, saucepan, water, two drinking glasses, iodine solution (from drugstore) 
Safety Note 


While moderate topical application of disinfecting iodine solution ¡s regarded 
as safe, ingestion is not. So keep your iodine solution away from children, and 
be sure not to ingest any yourself. 


Procedure 


(Ð Prepare a solution of starch by boiling several potato slices in about 
two cups of water. Add a teaspoon of the solution to each glass and 
dilute with a tablespoon of water. 


Œ) Collect a good wad of saliva in your mouth, and then gracefully spit 
into one of the glasses. Swirl to mix. 


(3) Wait for a few minutes, and then add a drop of iodine solution to each 
glass. Swirl to mix while looking for a difference in color between the 
two samples. lf no difference is noted, repeat the experiment several 
times, changing one parameter each time, such as the number of 
potato slices boiled. 


You should see a noticeable difference between the intensity of blue in the 
glass containing your saliva and the other glass. The intensity being directly 
proportional to the amount of starch present, which glass should contain the 
darker solution? Why? 
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Concept Check v 


When amylose and amylopectin are digested, which one is a more imme- 
diate supply of glucose? 


Was this VOUF anSWeF? There ¡s more branching in amylopectin and therefore a greater number 
of ends per molecule. The digestion of amylopectin produces more glucose molecules per unit of time 
and therefore is a quicker and more immediate supply of glucose. 


Animals store some of their excess glucose by converting it to gÌycogen, 
a polymer made of hundreds of glucose monomers and sometimes referred 
to as 2/724 starcj. CÌycogen has a structure mụch like that ofamylopectin, 
but there is more branching ¡n glycogen, as shown in Figure 13.7. Between 
meals, when glucose levels drop, the body metabolizes gÌycogen to glucose. 
Glycogen therefore serves as our glucose reserve. The areas of the body most 
abundant ¡n gÌycogen are the liver and muscle tissue. 

Czl/osể, a structural component of plant cell walls, ¡s also a polysaccha- 
ride of glucose. The glucose ¡n cellulose, however, ¡s slightÌly different from the 
ølucose in starch and glycogen. In the ølucose of starch and plycogen, called ø- 
ølucose, the hydroxyl group hiphliphted ¡n Figure 13.8 on page 408 faces in 
one direction. In the glucose of cellulose, called Ø-glucose, this hydroxyl group 
faces in the opposite direction. Figure 13.8 illustrates how the linking between 
a-glucose units results In a coiling of the polysaccharide strands, while the link- 


Glucose 
monomers 


@®( -— 


ing between Ø-g]ucose unIts results in straipht chains, with no coiling possible. 
In addition to no coiling, there ¡s alsö no branching ¡n the chains. These two 
attributes of cellulose molecules allow the polysaccharide strands to align much 
like strands of uncooked spaghetti. Thís alignment maximizes the nuinber of 
hydrogen bonds between strands, which makes cellulose a touph material. 
Added strength is given as the plant lays down microscopic ñbers of cellulose 
in a criss-cross fashion, as shown in Figure 13.9 on page 408. 


Glycogen granules 
in muscle tissue 


Figure 13.7 

The complex carbohydrate glycogen, 
a polymer made of glucose monomer 
units, is found in animai tissue. 
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tions. (a) In starch, œ-glucose units 
8-Glucose result in polysaccharide strands that 
tend to coil. (b) In cellulose, Ø-glucose 
(b) Cellulose units result in polysaccharide strands 


that do not coil and as a result can 
align with one another. 


Hydrogen 


Cellulose fibers in bonds 


a plant cell wall 
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Figure 13.9 

Strands of cellulose in a plant, including the plant leaves held by Maitreya, are joined by hydro- 
gen bonds. These microscopic fibers are laid down in a criss-cross pattern to give strength in 
many directions. 
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Cellulose serves as the primary structural component of all plants. Cot- 
ton is nearly pure cellulose. Wood, made largely of cellulose, can support 
trees that are as much as 30 meters tall. Cellulose is by far the most abun- 
dant organic compound on the Earth. 

Most animals, including humans, are not able to break cellulose down to 
glucose. Instead, the cellulose in the food we eat serves as dietary fber that 
helps in regulating bowel movements. In the large intestine, cellulose-based 
Hber absorbs water and has a laxative effect. Waste products are therefore 
moved along, faster, and with them harmful bacteria and carcinogens. 
Microorganisms that live in the digestive tracts oŸ wood-eating termites and 
81aSs-eating ruminants (cows, sheep, and goats) can break cellulose down to 
ølucose. Strictly speaking, termites and ruminants do not digest cellulose. 
Rather, they digest the glucose produced by the cellulose-digesting microor- 
ganIsms that live inside them, as shown ¡in FEigure 13.10. 


15.5. Lipids Are Insoluble in Water 


Lipids are a broad class of biomolecules. Although structurally diverse, all 
lipids are insoluble in water because cach lipid molecule contains a large 
number of nonpolar hydrocarbon units. In this sectlon we discuss two 
Important types of lipids: #2 and s/¿zø/4. 


Fats Are Used for Energy and Insulation 


A fat is any biomolecule formed from the reaction between a glycerol mol- 
ecule, CaHOs, and three fatty acid molecules, as shown in Figure 13.11 
on page 410. A /z 2e/41s a long-chain hydrocarbon terminating in a car- 
boxylic acid group. The chain is typically between 12 and 18 carbon atoms 
long and may be either saturated or unsaturated. Recall from Chapter 12 
that a s2/zz/e4 chain contains no carbon-carbon double bonds; an ⁄⁄/- 
zz¿ád chain contains one, two, or three carbon-carbon double bonds. 
Note that, like carbohydrates, fats contain only carbon, hydrogen, and 
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Figure 13.10 

Termites digest glucose produced by 
cellulose-digesting microorganisms Ïliv- 
ing in the termites“ digestive tract. 
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Figure 13.11 

A typical fat molecule, also known as a triglyceride, is the combination of one glycerol unit 
and three fatty acid molecules. Note that this reaction involves the formation of three ester 
functional groups. 


oxygen. Fats and carbohydrates have similar compositions because both plants 
and animals synthesize fats from carbohydrates. There is a signiicant differ- 
ence in the structures of these two types of biomolecules, however, as you can 
readily see by comparing Figures 13.8 and 13.11. Because fats are made from 
three fatty acids and glycerol, they are commonly referred to as /7@jJc£r7Z/e. 

Fats are stored ¡n the body ¡n localized regions known as fat deposits. 
'These deposits serve as important reservoirs of energy. Fat deposits directly 
under the skin heÌp to insulate us from the cold, good news for the walrus 
shown in Figure 13.12. In addition, vital organs, such as the heart and kid- 
neys, are cushioned against InJury by fat deposits. 

The digestion of fat is accompanied by the release of considerably more 
energy than is produced by the digestion of an equivalent amount of either 
carbohydrate or protein. There is about 38 kiloJoules (9 Calories) of energy 
in Ì pram of fat but only about 17 kilojoules (4 Calories) of energy in 
1 gram of carbohydrate or protein. (Recall that the energy content of food 
is often reported ¡n Calorles, with an uppercase C, where | Calorle = 
1 kilocalorie = 1000 calories.) 


Figure 13.12 
The walrus and other polar species are 


insulated from the cold by a thick layer 
of fat beneath their skin. Concept Check v 


Give two reasons animals living in cold climates tend to form a thick layer 
of fat just prior to the onset of winter. 


Was this Y0Uuf answer? rat provides a source of energy during the winter, when food is generally 
scarce, and it provides insulation from cold winter temperatures, 


13.3 Lipids Are Insoluble in Water 


Fats made from saturated fatty acids are referred to as saturated fats. As 
you can see in Figure 13.13a, saturated fat molecules are able to pack 
tightly together because their fatty acids point straight out and align with 
one another. Induced dipole-induced dipole attractions hold the aligned 
chains together. This gives saturated fats, such as lard, relatively high melt- 
¡ng points, and as a result they tend to be solid at room temperature. The 
fatty acid chains of unsaturated fate—those made from unsaturated fatty 
actds—are “kinked” wherever double bonds occur, as shown in Figure 
13.13b. The kinks inhibit alignment, and as a result unsaturated fats tend 
to have relatively low melting points. These fats are liquid at room tem- 
perature and are commonly referred to as 2/%. Most vegetable oils are liq- 
uid at room temperature because of the hiph proportion of unsaturated 
fats they contain. 

The fat from an animal or plant is a mixture of different fat molecules 
having various degrees of unsaturation. Fat molecules containing onÌy one 
carbon-carbon double bond per fatty acid chain are ø2⁄024/z2#ed. 


Induced dipole- 
induced dipole 
attraction 


(a) Saturated fat Mm à  S.. : 


(b)  Unsaturated fat 


Figure 13.13 
(a) Saturated fats are typically solid at room temperature because of molecular attractions 


between fatty acid chains. (b) Unsaturated fats are typically liquid at room temperature because 
molecular attractions are inhibited by the kinked nature of the fatty acid chains. 


Two hydrogens 
per carbon 


One hydrogen per 
double-bonded carbon 
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Lipids 
Fats 


Saturated 
Lard 


Unsaturated 
Vegetable oils 


Steroids 


Cholesterol 
Testosterone 
Estradiol 


Those containing more than one double bond per fatty acid chain are 
polyuøszrwz+¿ed. Table 13.1 shows the percentage Of saturated, monounsat- 
urated, and polyunsaturated fats in a number of widely used dietary fats. 


Table 13.1 


“—————__—___-____————— ốc... HỖ 


Degree of Unsaturation in Some Common Fats 


Percentage of Total Fatty Acid Content 


Fat Saturated Monounsaturated Polyunsaturated 
Coconut 93 6 †1 
Palm Sỹ/ 36 ⁄ 
Lard 44 ` ` 46 1Ô 
Cottonseed 26 - 212 52 
Peanut 21 49 30 
Olive 5 73 12 
Corn 14 29 57 
Soybean 14 24 62 
Sunflower li 19 70 
Safflower 10 14 76 


Canola oil 6 58 36 


Steroids Contain Four Carbon Rings 


9/eroidl are a class of lipids that have in common a system of four linked 
carbon rings. Cholesterol, shown in Eigure 13.14, is the most abundant 
steroid by far, and it serves as the starting material for the biosynthesis of 
most all other steroids, including the sex hormones estradiol and testos- 
terone, also shown ¡n Figure 13.14. #førzzøw are chemicals produced by 
one part of the body to infuence other parts of the body. For example, 
estradiol, produced by the ovaries, and testosterone, produced by the testes, 
are responsible for the development of secondary sex characteristics in other 
parts of the body. 

Cholesterol is found throughout the body. In fact, the human brain 1s 
about 10 percent cholesterol by weight. Qur bodies synthesize cholesterol 
in the liver. In addition, we obrtain cholesterol through a diet of animal 
products. 

Many synthetic steroids having a wide variety of biological efects have 
been prepared. Prednisone, Íor instance, is often prescribed as an anti- 
inÑlammatory in the treatment of arthritis. Also available are synthetc 
steroids that mimic the muscle-building properties of testosterone. These 
are the 4722øolc s/ero¿2js, which physiclans prescribe to assist patients suÍ- 
fering from hormone imbalances and those recovering from severe starva- 
tion. Athletes have found that these steroids improve performance, but 
they have many negative side effects, including impotence, changes in sex- 
ual desires and characteristics, and liver toxicity. Most sports organizations 
have banned the use of anabolic steroids because of their deleterlous 
effects. Any athlete should carefully consider whether the short-term gains 
provided by these agents are worth the long-term losses. For further infor- 
mation, start by exploring the steroid Web site of the National Institute on 
Drug Abuse at http://www.steroidabuse.org. 


-ˆ 
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Figure 13.14 

The sex hormones estradiol 
and testosterone are steroids 
that the body produces from 
the most abundant steroid of 
Estradiol all—cholesterol. 


Concept Check v 


How are fats and steroids similar to each other? 


Was this Y0uF answer? They are both lipids and, hence, insoluble in water. 


: , ]—_— 0U MƯÐÐƯớ}Ðư Amine group Carboxylic 
15.4 Proteins Are Polymers of Amino AcIds : KT? 


ïÑ H O 
Proteins are large polymeric biomolecules made of monomer units called ï Ả ⁄ 
amino acids. An amino acid consists oŸan amine group and a carboxylic JesÖi j C 
acid group bonded to the same carbon atom, as shown in Figure 13.12. R OH 
A side group is also attached to the same carbon. All proteins are made ` —2 
from 20 amino-acid building blocks, and these 20 amino acids differ j..” 
from one another by the chemical identity of their side groups, as shown Figure 13.15 
: : li The general structure of an amino acid, 
% “Hồ th bóp hội : : : : with R representing the side group 
Amino acids are linked together by øøø/7£ øz⁄s, which are formed in th 2 ốc... 


a condensation reaction in which the carboxylic acid end oÊ one amino from all others. 
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These 20 amino acids are the building blocks of proteins. The side groups are highlighted in green, and the names printed in red indicate 


essential amino acids, discussed in Section 13.8. 
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(a) Formation of a peptide bond from the condensation of two amino acids. The resulting 
dipeptide contains an amide group. (b) A polypeptide is many amino acids linked together 
by peptide bonds. 


acid is joined to the amine end oÊ a second amino acid, as illustrated in 
Eipgure 13.17. (Recall from Section 12.4 that a condensation reaction is 
marked by the loss of a small molecule, such as water.) A group of amino 
acids linked together in this fashion ¡s called a øø. The number of 
amino acids in a peptide ¡s indicated by a prefx. A dipeptide ¡is made from 
two amino acids, a tripeptide from three, a tetrapeptide from four, and so 
on. Peptides of ten or more amino acids are generally called popep£z244s. 
Proteins are naturally occurring polypeptides that have some biological 
function, and they consist of laree numbers of amino acids, up to several 
hundred. For example, the molecular formula of one of the proteins found 
in milk ïs C1gø4¿Hsz0¡a2Osz¿N¿øgS2¡, whích gives you an 1dea of the size and 
complexity of some protein molecules. 

Plant and animal tissues contain proteins both in solution and in solid 
form. Dissolved proteins reside in the liquid found inside cells and in other 
liquids in the body, such as blood. Solid proteins form skin, muscles, hatr, 
nails, and horns. The human body contains many thousands of different 
proteins, such as those in Figure 13.18 on page 416. 


Protein Structure Is Determined by Attractions 
Between Neighboring Amino Acids 


The structure of proteins determines their function and can be described 
on four levels, illustrated on page 417. The ø7Z7y s/re„ze Is the sequence 
of amino acids in the polypeptide chain. The s£e2z⁄y s/r„c„ze describes 
how various short portions ofa chai¡n are either wrapped into a coil called 
an 2/22 belzx or folded into a thìn p/22/22 sbeei. The /erf/ary sírwcfs7¿ 1s the 
way in which an entire polypeptide chain may either twist into a long ñber 
or bend into a globular clump. The đ2/7z2zy s/eir£ describes how sep- 
arate proteins may join to form one larger complex. Each level of structure 
¡s determined by the level before it, which means that uldmately ít is the 


Amino acid: a small biomolecule 


Polypeptide: a polymer of amino 
acids 


Protein: a polypeptide having 
biological function 
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Structural proteins are found 
is the component of blood that in skin, haïr, and bones. 
takes the oxygen we breathe to 


our cells. 
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Contractile proteins in â 
muscles allow us to move. 


Some proteins are hormones 
that regulate body metabolism 
and growth. 


White blood cells produce antibodies, Enzymes are proteins that 


Storage proteins serve as a which are proteins that fight infections. act as catalysts for reactions 
source of amino acids in milk. in the body, including the 


digestion of food. 
Figure 13.18 
The variety of proteins in the human body. 


sequence of amino acids that creates the overall protein shape. This ñnal 
shape is maintained both by chemical bonds and by weaker molecular 
attractions between amino acid side groups. 

In long polypeptides, the number of posstble varlations In prLmary 
structure is astronomical. For example, the number of20-unit polypeptides 
possible from a single set of20 different amino actds is a whopping 2.43 X 
101! The number of possible polypeptides when more than 100 units are 
being combined ¡s seeminply infinite. This diversity is exacdy what is 
needed for building a living organism. 

Although functioning proteins have very specific amino acid sequences, 
slight variations can often be tolerated. In some cases, however, a slight vari- 
ation can be disastrous. For example, some people have a version of hemo- 


globin—a protein found ¡in red blood cells that has one incorrect amino 
acid in about 300. That “minor” error is responsible for sickle-cell anemia, 
Figure 13.19 an inherited condition with painful and often lethal effects. The sickle shape 
“s“ cuc. characteristic of this disease is shown in Figure 13.19. 
¡ng the normal hemoglobin protein. : : ; : : 5 : : 
On the right, a sickled red blood cell Attractions between neiphboring amino acids in a polypeptide chain. 
containing hemoglobin that has one are what cause the local cóntortions that constitute the secondary structure 
mẽ A.... of the polypeptide. This secondary structure takes its alpha-helix form 
shape is reminiscent of the curved- | : : : : 
FT ïavestind tooi known 245 when simpler amino acids, such as pÏycine and alanine, are grouped 


sickle. together along the polypeptide chain. As shown in Figure 13.20, the shape 


13.4. Proteins Are Polymers of Amino Acids 


Primary 
structure 


Amino acid 
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structure 


ẳ 


Alpha helix 
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structure 
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of the alpha helix is maintained by hydrogen bonds between successive 
turns of the spiral. Proteins containing many alpha helices, like wool, can 
be stretched because of the springlike properties of the alpha helix. The 
pleated-sheet version of secondary stưucture forms when predominatcly 
nonpolar amino acids, such as phenylalanine and valine, are grouped 
together. Proteins containing many pleated sheets, like silk, are strong and 
fexible but not easily stretched. 

Secondary structure can vary from one portion o£a polypeptide chain to 
another. (Eor example, one part oŸa given chain may have a helical second- 
ary structure while another part of the same chain has a pleated-sheet sec- 
ondary structure). 

Tertiary structure refers to the way an entire chain ¡s shaped. As with 
secondary structure, tertiary structure is also maintained by various chemi- 
cal attractions between amino acid side groups. For some proteins, such as 
the hypothetical one shown in Figure 13.21 on page 418, these attractlons 
include disulide bonds between opposing cysteine amino acids. Also 
important are the ionic bonds (also known as s2/ /z⁄44%) that Occur 


` ` Pleated sheet 
Hydrogen ` 
bond % 


Figure 13.20 
Four levels of protein structure. 


417 


418 Chapter 13 Chemicals ofLife 


Figure 13.21 
Chemical forces that maintain the terti- - 
ary structure of a polypeptide. 


Figure 13.22 

Parallel polypeptide chains may be 
cross-linked by a disulfide bond 
between two cysteines. 
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between oppositely charged ions. Hydrogen bonding between side groups 
can also contribute to tertiary structure, as can induced dipole-induced 
dipole attractions between nonpolar side groups, such as those found in 
phenylalanine and valine. Because these latter attractions tend to exclude 
water, they are also known as y4zopbobic attracH01. 

Hydro2;//e attractions between a protein and an aqueous medium, such 
as cytoplasm or blood, also heÌp maintain tertiary structure. Ín a protein dis- 
solved in an aqueous medium, the polypeptide cha¡n ¡s folded so that non- 
polar side groups are on the inside of the molecule and polar side groups are 
on the outside, where they interact with the water. 

In keratin, the protein that ¡s the main component of hair and ñn- 
gernails, an important force shaping tertiary structure is disulide bonds 
cross-linking adjacent alpha helices, as shown ¡n Eigure 13.22. The more 
disulde cross-links in keratin, the tougher this protein ¡s. In general, 
thicker hair has more disulñde cross-links than does ñne harr. Also, ñn- 
gernails are hard because of extensive disulfide cross-linking. 


bond 


Alpha helix in keratin 


Alpha helix in keratin 


Disulfide cross-links enable hair to hold a particu- 
lar shape, such as a curl. Figure 13.23 illustrates a p€T- 
manent wave, which can modlify the degree of curl in 
hair. The haïr is first treated with a reducing agent that 
cleaves some of the disulfide cross-links. Th¡s is usually 
a smelly steb because some of the sulfur is reduced to 
odorous hydrogen sulfde. Cleaving disulide cross- 
links, however, allows the keratin to become more flex- 
Ible. The hair is then set into the desired shape, using 
rollers ¡f the desired shape ¡s curls or boards if the 
desired shape is straipht. An oxidizing agent is then 
applied to restore the disulde cross-links, which hold 
the hair in its new orientation. 

Hydrogen bonds between adjacent alpha helices also 
play an important role in making keratin a tough mate- 
rial. When keratin gets wet, these hydrogen bonds are 
disrupted, which is why fingernails soften in water. Hair 
also softens In water. As water molecules slip between the 
alpha helices, the polypeptide strands slide past one 
another to the extent permitted by the disulde cross- 
links. As water molecules evaporate, hydrogen bonds 
between alpha helices are re-established, and the hair 
toughens to its original shape—unless, of course, the 
hair ¡s mechanically held in a diferent shape by, for 
example, rollers. Hair fashioned by wetting maintains Irs 
new shape only temporarily, however, because disulide 
cross-links ultimately pull the hair back to Its natural 
look. Interestinply, a small amount of water in hair 
enhances the molecular attracions between alpha 
helices. Curls therefore hold longer in humid cÌimates 
than In dry cÏimates. 


Many proteins consist of two or more polypeptide chains. Such pro- 
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Figure 13.23 
A permanent wave breaks and re-forms 
disulfide bonds ín hair. 


teins have a quaternary structure resulting from bonding and interactions 
among these chains. A good example ¡s hemoglobin (Figure 13.24), the 


.` 
.” ` 


Polypeptide 
chain 


Figure 13.24 

Computer-generated model of the 
quaternary structure of hemoglobin, 

a protein consisting of four interlinked 
polypeptide chains, each shown in a 
different color. Computers are impor- 
tant tools for the study of biomole- 
cules, as they help scientists visualize 
complex three-dimensional structures. 
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oxygen-holding component of red blood cells. Ít is a complex of four 
polypeptides inside o£ which four iron-bearing heme groups are tightÌy 
nestled. 


Concept Check v 


Distinguish among hemoglobins primary, secondary, tertiary, and quater- 
nary structures. 


Was this Yy0uF anSWeFr? Hemoglobins primary structure is its sequence of amino acids along each 
polypeptide. The twisting of each polypeptide into an alpha helix is its secondary structure. The folding 
up of the full length of each alpha helix into a globular shape is its tertiary structure. The combined four 
polypeptides ¡s the quaternary structure. 


Proteins are viable only under very specifc conditions, such as a par- 
ticular pH and temperature. Changes in these conditions can break the 
chemical attractions within a protein and thereby cause a loss of structure, 
which necessarily means a loss of biological function. A protein with Ìost 
structure is said to be Z¿z2/zrz. A hard-boiled egg, for example, consists 
of denatured proteins that can in no way support the development of a 
chick. The same atoms are there, but, as usual, it is the arrangement of 
atoms and their spatial orientations that make all the difference. 


Enzymes Are Biological Catalysfs 


Enzymes are a class o proteins that catalyze (speed up) biochemical reactlons. 
Their function has everythine to do with therr structure. Ñad up a piece of 
paper, and you will ñnd many nooks and crannies. In a similar fashion, there 

are nooks and crannies on the surface of an enzyme. Some of 


Enzyme (sucrase) these sites, called zcøø/øz s7/es, are special in that reactant mol- 


` kì ecules, called sz#szzzzs, are able to ft inside them. Like a hand 


` ( : : : 
à s` in a glove, a substrate molecule must have the ripht shape In 
' 


Receptor site 


Fructose 


order to ft a receptor site. Molecular attractlons, such as 
hydrogen bonding, then hold the substrate molecule in the 


receptor site, where the substrate 1s activated for reaction. 


TWEese Enzyme The resulting product molecule or molecules are then 
() Products È TP released, freeing up the receptor site for other substrate 
released molecules. 
Figure 13.25 shows how an enzyme called sucrase 
breaks sucrose down to its monosaccharide units. 
ứ) Substrate 


One sucrose binds to the empty receptor site on the 
sucrase, the enzyme facilitates the breaking of the 


products 
f7 covalent bond that holds the gÌucose and fructose 


units together. Ít does so by holding the sucrose mol- 


converted to 


HO Œ) Substratebinds  ecule in a certain conformation and then changing 

”j.. the electronic characteristics of this covalent bond so: 

Figure 13.25 | that It easlly breaks when attacked by water mole- 
đc l .,  Tetniijhapupetluie tả cules, which are ever-present in living tissue. In the ñnal step, the severed 
ẤT lun tvemonosc- ølucose and fructose units are released from the enzyme, which is then Íree 


charide units, glucose and fructose. tO catalyze the splitting of another sucrose molecule. 
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While some enzymes, such as sucrase, split substrate molecules apart, 
others join substrate molecules together. In all cases, enzymes are so eff- 
clent that a single enzyme molecule may act on thousands or even millions 
of substrate molecules per second. Without enzymes, most biochemical 
reactlons would not occur at rates fast enough to support liÉc. 

A chemical that interferes with an enzyme activity is called an 
//0zfør. Inhibitors work by binding to an enzyme and thereby preventing 
a substrate from binding. They are important regulators of cell metabolism. 
Ïn many instances, an inhibitor ¡s the very product created ¡n an enzyme- 
catalyzed reaction. OQnce the enzyme produces a given concentration of 
product, ít begins to shut down because the product molecules kick in as 
Inhibitors. Ás we shall see in the next chapter, many drugs act either by 
inhibiting enzymes or by mimicking an enzymeS natural substrate. 


11.5 Nudeic Acids Code for Proteins 


Our bodies are buiÌt of proteins——from microscopic celÏ constituents, such 
as enzymes and organelles, to such macroscopic structures as bones, haïr, 
skin, and teeth. The number of different ways amino acids can link 
together to make proteins 1s fantastic. Yet, somehow our bodies are able to 
assemble amino acids In Just the ripht order to build proteins that have 
highly functional structures. 

In order to understand how the myriad specific proteins ¡n our bodies are 
buiÌt, you need to know about nucleotides and nucleic acids. A nucleotide, 
represented in Figure 13.26, is a sưuctural unit consisting of a phosphate 
øroup, a ribose sugar, and a nitrogenous base. (Dont worry about these unfÍa- 
miliar words. #/2øs£ simpÌy means a sugar containing ve carbon atoms, and 
77/706/70//$ means “containing nitrogen atoms.”) Â nucleïc acid is a polymer 
made up of nucleottde monomers. 

Proteins are built by nucleic acids, which are found ¡in almost every cel] 
ofan organism and hold the instructions for building every sort oÊ protein. 


Nitrogenous 
base 


[ Phosphate Ỉ 


Nucleotide 


Nucleic acid 


Proteins (polypeptides with 
biological functions) 


Structure Description 
Primary Sequence of 
amino acids 


Secondary Alpha helix or 
pleated sheet 


Tertiary Overall shape of 
single polypeptide 


Quaternary Complex of two or 
more polypeptides 


Figure 13.26 

A nucleic acid is a long polymeric 
chain of nucleotides, each nucleotide 
consisting of a nitrogenous base, a 
ribose sugar, and a phosphate group. 
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An organismis nucleic acids are inherited from its parents, which is why the 
organism resembles its parents. Thus, like begets like——bears have baby 
bears, seals have baby seals, and humans have baby humans, 

Figure 13.27 illustrates the two major classes of nucÌeic acids, distin- 
guished from cach other by the type of ribose sugar ín the nucleotide 
monomers. Those without an oxygen atom on one o£ the carbon atoms In 
the ring of the ribose sugar are deoxyribonucleic acids, or simply DNA. 
These polymers, which are the primary source o genetic information in 
plants and animals, are found in the cell nucleus as well as in certain 
organelles known as mitochondria. Nucleic acids that have an oxygen atom 
on the carbon of the ribose sugar, as shown in Figure 13.27b, are ribonu- 
cleic acids (RNA). These polymers occur mostly outside the cell nucleus in 
the cytoplasm, where they piece together amino acids to make proteins. 

There are four types of nucleotides in a DNA polymer (Figure 13.272). 
These four nucleotides differ from one another ¡n the nitrogenous base they 
contain, which may be adenine (A), guanine (G), cytosine (C), or thymine 
(T). There are also four types of RNA nucleotides used to build the RNA 
polymer (Figure 13.27b). The RNA nucleotides contain the same nitroge- 
nous bases as found in DNA nucleotides except for thymine. Ïnstead of 
thymine, RNA nucleotides contain the nitrogenous base uracil (U), whose 
structure ¡s only slightly different from that of thymine. 


Nitrogenous bases 


Adenine Guanine Cytosine Thymine 
(A) (G) (CQ) ) 


A,G,€,or U 


Oxygen 


©@H H &—— missing 


(a) DNA nucleotide (b) RNA nucleotide 


Oxygen 


OH <<“. present 


Figure 13.27 

(a) The nucleotides of DNA have ribose sugars that are missing an oxygen on one of the carbons. 
The nitrogenous bases of DNA are adenine, guanine, cytosine, and thymine. (b) The nucleotides 
Of RNA have fully oxygenated ribose sugars. The nitrogenous bases of RNA are adenine, guanine, 
cytosine, and uracil. 
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Concept Check v 


What are the two ways in which DNA nucleotides differ structurally from 
- RNA nucleotides? 


Was this YOUF AfISWF? All DNA nucleotides lack an Oxygen atom on the ribose sugar. Also, the 
nitrogenous base in a DNA nucleotide may be adenine, guanine, cytosine, or thymine. The nitrogenous 
base in an RNA nucleotide may be adenine, guanine, cytosine, or uracil. 


DNA ls the Template of Life 


The story ofour modern-day understanding of genetics began in the 1850s 
In an abbey garden, where a monk named Gregor Mendel (1822-1884) 
documented how varieties oŸ sweet peas could pass traits, such as fower 
color, from one generation to the next. From Mendels work arose the idea 
that heritable traits are passed from parents to ofSpring in discrete units 
called øzøs. In the carly 1900s, researchers correlated Mendels heritable 
genes to cellular microstructures known as chromosomes, which are elon- 
gated bundÏles of DNA and protein that form whenever a celÏ is getting ready 
to divide (FIigure 13.28). Each gene, it was found, resides at a specifc loca- 
tin on a particular chromosome. Offspring ¡inherit genes by receiving 
replicates of their parents` chromosomes. 

p until the 1940s, ít was not known whether the DNA portion or the 
protein portion o£ the chromosomes was the carrier of genetic information. 
Most investigators were Inclined to believe that proteins, with theIr great 
diversity, were the carriers. In the 1940s, however, DNA was found to be a 
polymer containing adenine, guanine, cytosine, and thymine. Along the 
DNA chain, these bases could be sorted ¡n any order. This potential vari- 
ability in base sequencing opened up the possibility that DNA was the car- 
Tier Of øenetic information. 


#m Í. XỆ 7 
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DNA strand = y ` 


Protein 30nm 


Figure 13.28 

Onion cells in the process of dividing 
show chromosomes that consist of 
DNA and protein molecules clumped 
together. During division, the chromo- 
somes duplicate themselves such that 
each new cell receives a full set of 
chromosomes identical to the set in 
the parent cell. 
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Figure 13.29 

A ladder made of rope sides and rigid 
wooden rungs can be twisted to create 
a double helix. The ropes are the equiv- 
alent of DNA's two sugar-phosphate 
backbones, which are shown as the 
yellow and orange atoms in the com- 
puter rendition shown on the right. The 
rungs represent pairs of nitrogenous 
bases, which are seen in the computer 
rendition as shades of lavender and 
blue. 


TWlsf Double helix 


In 1953, James Watson (b. 1928), an American biologist, and Francis 

Crick (b. 1916), a British biophysicist, topether deduced that DNA occurs 

Hydrogen bond as two separate strands of nucleotides coiled around each other in a double 

helix, as illustrated in Figure 13.29. The strands are held together by hydro- 
gen bonding between opposing nitrogenous bases. 

What is most critical about Ñatson and Cricks model is that hydrogen 
bonding occurs only between specific bases——guanine pairs only with cyto- 
sine, and adenine pairs only with thymine, as shown ¡in Figure 13.30. Thịs 
means that if you know the sequence of one strand, you can automatically 
deduce the sequence of the second strand, also known as the c0Ð/¿z£w#zry 
szzz. For example, If the ñrst strand contains the sequence CTGA, the 
complementary strand must contain the sequence GACT. 

In living tissue, cells divide to create duplicates of themselves. Ín a matur- 
¡ng organism, cells divide frequently to provide for growth. Ín a mature 
organism, cells divide at a rate sufficlent for the replacement of those that die. 
Each time a cell divides, genetic informatlon must be preserved. Ïn a process 
called replication, DNA strands are duplicated so that cach newly formed cell 
receives a copy. Replicatlon also allows for coples of DNA to pass from parent 


to offspring. 

With their model, WWatson and Crick proposed that DNA replication 
ñn begins with the unraveling of the double helix. Each single strand then 
TT ru ánhn serves as a template for the synthesis of Its complementary strand. Free : 
a DNA molecule are held together nucleotides are coupled to the single strand of DNA according to the rules 
Sài 0) Giiốt S)| co 1io HE Lee Of base pairing: guanine + cytosine, adenine + thymine. One double helix 
complementary nitrogenous bases: :  Rara XÃ: 
20h TT vmine shu S0aPife thus turns into two, as shown in Figure 13.31. As a cell divides, one of the 


with cytosine. two new strands Is segrepated in cach of the two newly formed cells. 
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@® New Original Original New 
strand strand strand strand 
—————~ ———. >¬—————— 
Double helix Double helix 


Figure 13.31 

The replication of DNA. ® Double helix of DNA unwinds. @) Each single strand serves as a 
template for the formation of a new DNA strand containing the complementary sequence. 
@ Two daughter double helices are formed, each containing one of the parent strands. 


For their elucidation of DNA%S secondary structure and function, 
WWatson and Crick, along with biophysicist Maurice Wilkens (b. 19216), 
received the 1962 Nobel Prize in Physiology or Medicine. Subsequent 
research soon led to an understanding o£ how the nucleotide sequences In 
DNA translate into the synthesis of proteins. The Nobel laureates are 
shown in Figure 13.32. 


One Gene Codes for One Polypeptide 


As we saw in Section 13.4, the shape ofa protein molecule 1s determined 
by the protein primary structure, which ¡s the sequence ofamino acids. So 
what, then, controls a proteins amino acid sequence? The answer to this 
question, as we are now ready to explore, is the gen. 

In modern terms, a gene is a particular sequence of DNA nucleotides 
along the DNA strand in a chromosome. Each gene codes for the synthesis 
of one or more proteins in an organism. Crganisms Of course need enor- 
mous numbers of genes to produce all the proteins they need. The number 
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Figure 13.32 

(a) Watson and Crick in 1953 with their 
model of the DNA double helix. In dis- 
covering this model, Watson and Crick 
relied heavily on the experimental evi- 
đence gathered by other researchers, 
most notably the research team of 

(b) Maurice Wilkens and (c) Rosalind 
Franklin (1921-1958). Franklin did not 
share in the 1962 Nobel Prize because 
Ít is never awarded posthumously. 
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Figure 13.33 

Transcription resembles DNA replication 
except that only one of the two DNA 
strands is copied and the newly syn- 
thesized mRNA single strand does not 
remain assoclated with its template 
DNA strand. 


of genes contained in the 46 chromosomes in a single human cell, for 
instance, is estimated to be on the order o£ 40,000. To accommodate this 
many genes, each DNA molecule is very long, containing on the order of 
3.1 billion base pairs. Interestingly, genes make up only about 20 percent 
ofF a DNA molecule. The other 80 percent of the nucleotides in a DNA 
strand appear to serve merely as spacers, their main job being to separate 
genes on the same DNA molecule. Other functions these spacer nucleotides 
might have are not yet fully understood.. 


RNA Is Largely Responsible for Protein Synthesis 


The translating ofa sequence of DNA nucleotides into a sequence oŸamino 
acids——in other words, into the manufacture oŸa protein——involves many 
intricate cellular mechanisms that are still the subject of much research. The 
overall process, however, is conceptually straightforward, involving two 
steDs——/criptiøn followed by zz/slz#/øø. These steps are mediated by the 
other major nucleic acid, RNA, of which there are three forms——messenger 
RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA). 

Protein synthesis begins ¡n the cell nucleus with transcription, ilÌus- 
trated in Eigure 13.33. In this step, the cell manufactures a single strand of 
messenger RNA. The genetic information encoded in a gene In the celÏs DNA 


Free RNA nucleotides 


Direction of Template 
transcription strand of DNA 


Completed 2 


ÉŸ 
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1s used to specify the nucleotide sequence in this new strand of messenger 
RNA. During transcription, the section of DNA that ¡s the øene unwindbs, 
and then an enzyme binds free RNA nucleotides to one of the single DNA 
strands according to a base-pairing scheme similar to that for DNA replica- 
tion, with one difference. Every cytosine on the DNA pulls in a guanine, 
every DNA guanine pulÌs in a cytosine, every DNA thymine pulls in an ade- 
nine, but—heres the difference—every DNA adenine now pulls in not a 
thymine but rather a uracil. Thus the mRNA synthesized during transcrip- 
tion contains the four RNA bases, as ir must. The developing mRNA single 
strand ¡s conformationally different from DNA because of the additional 
oxygen on the ribose sugar and as a result does not bind well to the DNA. 
Instead, the information-rich mRNA strand migrates away from the DNA, 
exiting the cell nucleus and entering the cytoplasm, where the protein will 
be built. 

In the next step, translation, the sequence of nucleotides In the newly 
synthesized mRNA strand ¡s used to determine the sequence of amino acids 
in the protein to be synthesized. Thịs is done by way ofa ø/zef/c co, which 
was fully deciphered by 1966 and ¡s shown ¡n Figure 13.34. According to the 
genctic code, ít takes three mRNA nucleotides——each three-nucleotide unit is 
called a øZøz—to code for a single amino acid. The mRNA nucleotide 
sequence AGU, for example, codes for the amino acid sertne, and AAG codes 
for lysine. (Note from Figure 13.34 that more than one codon can calÏ for the 
same amino acid.) A few codons, such as AUG and UGA, are the signals for 
protein synthesis to either start Or stOp. 

When using Eigure 13.34 to determine which amino acid a particular 
codon codes for, you can quickly locate the codon by using the three col- 
ored strips. First run your ñnger down the red strip unutil you come to the 
frst letter in the codon, then run your fñnger to the right unti ít 1s under 


CUA 


CỤG 
AUU 


AUC r lle 
AUA 
AUG 

GUU 

GUC 

GUA 

GUG 


@) Đi íẪ@) (S= (@l 3z tú (S ỨA@Ì a2 ĐA ÁS 3 22 ỨM S 


Figure 13.34 

RNA codons are three-nucleotide. units 
that either code for specific amino 
acids in a protein being synthesized or 
else signal the synthesis to either start 
or stop. For example, the codon CUA 
codes for the amino acid leucine. 
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Amino acid attachment site 


ƒ ——Amino acid 
3 attachment site 


: - Hydrogen bond 


RNA polynucleotide chain 


5 } Anticodon 


(a) 


Figure 13.35 

Translation involves transfer RNA. (a) The structure of a transfer RNA molecule, with an anticodon 
at one end and an amino acid attachment site at the other end. (b) A highly simplified symbol 
for tRNA. The anticodon is a series of three nucleotides that complement the mRNA codon and 
code for a specific amino acid at the amino acid attachment site. 


the letter in the yellow strip that matches the second letter of the codon, 
then run your finger either up or down this column untiÌ your Ínger 1s 
aligned with the letter in the blue strip that matches the third letter of the 
codon. There you can identify which amino acid the codon codes for. 

The key player in translation is transfer RNA, which has an angular con- 
formation and ¡s illustrated in Figure 13.35. Cells contain large numbers of 
tRNA molecules, as well as largee numbers of free amino acids (which came 
from some protein food the organism ate). On the lower tip of each tRNA 
molecule as drawn in Eigure 13.35 lie three nucleotides that complement a 
codon on mRNA. These three tRNA nucleotides are called the Z//cøđøz. 
©n the opposite end o£ the tRNA molecule is an attachment site for an 
amino acid. Thịs site ¡s unique for a particular amino acid. One tRNA con- 
taining a particular anticodon, for example, might attach only to the amino 
acid glycine, while another tRNA containing a different anticodon mipht 
attach only to the amino acid alanine. 

As the mRNA leaves the cell nucleus in which it was created and enters 
the cytoplasm, it binds with specialized structures called z72øsøzss, as shown 
in Figure 13.36. Ribosomes are microscopic complexes of rRNA and pro- 
teins, and they are the site where proteins are built. As the mRNA ¡s scrolled 
sequentially over the ribosome, the anticodon end of a free tRNA molecule 
binds to an mRNA codon. In thịs manner, tRNA molecules and their tag- 
along amino acids are placed adjacent to one another along the mRNA 
strand. The amino acids then chemically bond with one another, forming a 
long polypeptide chain that breaks away from the tRNA as ít forms. Thịs 
process continues untiÌ a stop mRNA codon, for which there are no tRNA 
anticodons, 1s encountered. Át this point, the primary structure of a new 
protein has been bullt. 
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Figure 13.36 

Ribosomes are where messenger RNA 
is translated into a polypeptide chain 
by way of the action of transfer RNA. 
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Concept Check v 


How many codons are there in the mRNA sequence AUG CUU AAA AGU CAA 
GCA UAA, and how many amino acids does this sequence code for? 


Was this Y0Uuf anSWeF? A codon is a triplet of mRNA nucleotides holding instructions for the build- 
ing of a polypeptide strand, and so this sequence contains seven codons. The first and last are start/stop 
instructions, however, and so the number of amino acids coded for is only five. The sequence is Leu-Lys- 
Ser-Gln-Ala. 


Genetic Engineering 


As they learned how proteins are made from nucleic acids, scientists devel- 
oped tools to alter and map this process in order to do such things as treat 
human disease, uncover submicroscopic archaeologic evidence, and create 
new agricultural crops. All these activities come under the title of ø/£#c 
L2/141/1//1/14 

One of the most important earÌy advances in øenetic engineering was 
the discovery of a class of enzymes, called restriction enzymes, that cÏeave 
long strands of DNA ¡into smaller frapments. Restriction enzymes reside in 
bacteria and viruses as a means of self-defense—they protect the host 
organism by deprading any invading foreign DNA molecules. Most restric- 
tion enzymes recognize a speciic nucleotide sequence in the foreign DNA. 
By random chance, the sequence occurs many times throughout any DNA 
strand. The enzyme latches onto these sites and then catalyzes a cụt across 
the double helix. 

Fipgure 13.37 shows how frapments of DNA created by restriction 
enzymes can be separated from one another by a process based on differ- 
ences in molecular size. [he technique, called ø¿/ øizcfopboøres2s, takes 
advantage of the fact that nucleic acids are negatively charged and therefore 
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Figure 13.37 
The profile of a series of DNA fragments separated by gel electrophoresis. 
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attracted to a positive electrode. As they move through a gel toward the pos- 
Itive electrode, the shorter fragments travel faster than the longer ones. The 
result is a series of bands, each containing fragments having the same size. 
The pattern these bands form ¡s characteristic of both the type of restric- 
tion enzyme used and the identity of the DNA. Treating DNA with a series 
of different restriction enzymes can result in a gel electrophoresis pattern 
that is quite intricate and extremely characteristic not only of the species 
but of the individual. hat forensic experts call a DNA fingerprint, used to 
1dentify a crime suspect, is an example of a gel electrophoresis pattern. 

Nucleotride sequences recognized by restriction enzymes are usually 
symmetrical such that the two strands of the double helix have the same 
base sequences but in opposite directions. The base sequences shown here 
in blue, for example, are symmetrical: 


HA GA GI† ƑG VC, HWGAju.. 
Si c9/9)9⁄/22//7. 77-7 sốc lich No 


<“————.. _ 
`¬——>—— 
Symmetrical sequence 


Some restriction enzymes cleave a symmetrical sequence in a staggered 
manner such that the nucleotide chain is cleaved at one pÏace on one of the 
strands of the double helix and on a different place on the other strand, 
as shown at the top of Figure 13.38. The DNA fragments resulting from 


DNA from one organism DNA from another organism 
Point of cleavage Point of cleavage 
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Recombinant DNA The formation of recombinant DNA. 
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@ Human gene is 
spliced into 
bacterial DNA. 


Bacterium 


Bacterial clones carrying 
many copies of human gene. from recombinant DNA. 


stagøered cleaving thus have one strand of the double helix longer than the 
other. These single-strand ends are called s//e&y zzđ because they have com- 
plementary base sequences and so tend to reassociate by base pairing. 

Sticky ends allow the formation of recombinant DNA (pronounced 
re-COM-bin-ant), which ¡s formed by combining DNA from different 
organisms, as shown ¡n Figure 13.38. DNA molecules from two sources 
are cleaved with the same restriction enzyme, yielding two sets of Írag- 
ments having ¡dentical sticky ends. WWhen these Írapments are mixed 
together, the complementary base pairs of the sticky ends combine to 
form modiRed new DNA. 


Concept Check v 


What are restriction enzymes? What is their function, and how do scien- 
tists exploit this function? 


Were these Y0Uufí answers? They are enzymes that catalyze the cleavage of the DNA double helix. 
They occur naturally in bacteria and viruses and are used as a means of self-defense. Scientists use restric- 
tion enzymes to splice together DNA fragments from different organisms. 


A great significance of recombinant DNA technology lies in the ease 
with which large amounts of selected DNA sequences, such as human genes, 
can be synthesized. This is done by inserting a desired sequence into bacte- 
rial cells and allowing the sequence to be replicated as the bacterial celÏs 
multiply. This technique, called gene cloning, is illustrated in Figure 13.39 
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Figure 13.39 

A gene is spliced into bacterial DNA: Bacteria containing the recombinant DNA multiply, and the 
many copies of the human gene now present in the bacteria are available to produce large 
quantities of protein. Note that the cloning of a gene, which is what is shown here, is markedly 
different from cloning a whole organism, which is done by transplanting the entire DNA 
sequence of an organism into an egg that then gets implanted into a surrogate uterus, 
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and is now a routine procedure ¡n biological laboratories. Growing large 
batches of the bacteria containing the inserted gene yields large quantities 
of the gene, meaning all these genes are now available to produce large 
quantities of the protein for which they code. Currently, varlous medici- 
nalÌy important proteins that are otherwise difRcult to obtain are manufac- 
tured in this manner. These include human insulin for diabetes; human 
growth hormone for osteoporosis and growth disorders in children; epider- 
mail growth factor for skin repeneration In burn victims; Interferon, which 
is a promising anticancer apent; and bovine growth hormone, which 
Increases milk production in cows by up to 20 percent. 

There are many potential uses for recombinant DNA technology. Agri- 
cultural products, as is discussed in Chapter 15, can be made bug-resistant 
and spoil-resistant. The technology may also be used to treat genetic disor- 
đers, such as sickle-cell anemia, muscular dystrophy, cystc ñbrosis, and 
lupus, and may even address the queston of why our bodies deteriorate 
with age. 

Toward these and other goals, scientists from around the world are 
working on the Human Genome Project, which aims to identify all the 
genes in human DNA and the proteins they code for. (A ø/zøzze 1s the col- 
lection of all the genes in an organism.) In June 2000, the Human Genome 
Project announced that ¡ít had sequenced nearly all of the 3.1 bilion 
nucleotide base pairs of human DNA—a historical milestone on par with 
our landing on the moon. lt will likely take many more years, perhaps 
decades, before all our genes and the proteins they code for are identiied. 
Thịs will be an accomplishment like none other ever achieved by humans, 
allowing for truÌy revolutionary advances in medicine. The impact of this 
new knowledge will also be far-reaching, raising numerous ethical, phiÌo- 
sophical, and even religious ¡ssues. 


1.6  Vitamins Are Organic, Minerals Are lnorganic 


In additon to carbohydrates, lipids, proteins, and nucleic acids, our bodies 
require vitamins and minerals in order to survive. Vitamins are OrganIc 
chemicals that, by assisting in various biochemical reactions, heÌlp us main- 
tain good health. Minerals are inorganic chemicals that play a variety of 
roles in the body. Some, such as iron ¡n hemoglobin, are vital components 
of biomolecules. Others, such as calcium ¡in bone, are intepral parts of 
structures. Defciencies in vitamins or minerals are the cause of certain dis- 
cases. Lack of vitamin C, for example, leads to scurvy, a disease marked by 
a deterioration of the gums. Lack of iron leads to anemia, which results In 
general fatigue and an irregular heartbeat. 

Vitamins are classiRfed as either lipid-soluble or water-soluble, as shown 
¡n Table 13.2 on page 434. The lipid-soluble vitamins tend to accumulate 
in fatty tissue, where they may be stored for years. Adults can remain Íree 
of a defciency disease for quite some time because of these vitamin 
reserves. Children, on the other hand, because they have yet to build up 
these reserves, are particularly vulnerable to these diseases. In developing 
nations, for example, many children suffer permanent blindness because of 


a lack of vitamin A. 
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Table 13.2 


Some Vitamins Needed by the Human Body 


Deficiency 

Vitamin Function Syndrome 
Lipid-Soluble 
Vitamin A Precursor to rhodopsin, a chemical Night blindness 
(retinol) used for vision; assists in inhibiting 

bacterial and viral infections 
Vitamin D Helps incorporate calcium into Weak bones 
(calciferol) body 
Vitamin E Inhibits oxidation of polyunsaturated Diminished hemoglobin 
(tocopherol) fats; free radical scavenger; helps 

maintain circulatory and nervous 

systems 
Vitamin K Helps maintain ability to form Abnormal bleeding 


(phylloquinone) 


blood clots 


Water-Soluble 
B vitamins Coenzymes in biochemical reactions Various nerve and 
for growth and energy production skin disorders,anemia 
Vitamin C Antioxidant; assists in inhibiting Scurvy 
(ascorbic acid) bacterial and viral infections 


A lack oflipid-soluble vitamins can be detrimental, but so can excessive 
amounts, particularly of vitamins A and D, which can accumulate to dan- 
gerous levels. Ioo much vitamin A causes dry skin, irritability, and 
headaches. Excessive amounts of vitamin D lead to diarrhea, nausea, and 
calciicatton o£Joints and other body parts. Vitamins E and K are less harm- 
ful in large quantities because they are readily metabolized. 

The water-soluble vitamins are not retained by the body for long peri- 
ods of time. Instead, because they are soluble in water, they are readily 
excreted in urine and must therefore be ingested frequently. It ¡s diffcult to 
harm yourself by taking in too much of the water-soluble vitamins. Your 
body simply absorbs what ¡t immediately needs and excretes the rest. Foods 
boiled in water tend to lose vitamins B and C because of the solubility of 
these vitamins in water. The vitamins are then poured down the drain along 
with the water. For this reason, many people prefer steaming or microwav- 
¡ng their vepetables. Also, foods should not be overcooked, as both lipid- 
soluble and water-soluble vitamins are destroyed by heat. 

All minerals are Ionic compounds of various elements. They are classifed 
according to the quantitles we need. Ä⁄2crøz/zez2È, the ones we need in 
greatest quantity, make up about 4 percent of our body weight. Macromin- 
erals are listed in TIable 13.3. The amounts of macrominerals we need are 
measured in grams. The amounts of /ce 7/72/š we Ingest daiÌy are meas- 
ured in millipgrams. Beyond trace minerals are #/⁄z/2£e 0z, which we 
use on the microgram or ven picogram scale. 


Table 13.3 
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Some Macrominerals Needed by the Human Body 


Macromineral 
(lonic Form) 


Sodium (Na") 
Potassium (K*) 
Calcium (Ca2†) 


Magnesium (Mg^”) 


Some Functions 


Transportation of molecules across 
cell membrane, nerve function 


Transportation of molecules across 
cell membrane, nerve function 


Bone and tooth formation, 
nerve and muscle function 


Enzyme function 


Deficiency 
Syndrome 


Muscle cramps, 
reduced appetite 


Muscular weakness, paralysis, 
nausea, heart failure 


Retarded growth, possible 
loss of bone mass 


Nervous system disturbances 


Chlorine (CI”) Transportation of molecules across  Muscle cramps,reduced 
cell membrane, digestive fluid, appetite 
nerve function 
Phosphorus Bone and tooth formation, Weakness, calcium loss 
(H;POx_) nucleotide synthesis 
Sulfur (SOz2~) Amino acid component Protein deficiency 


The body requires balanced amounts of minerals, meaning that too 
much ¡is as harmful as too little. Ultratrace minerals are particularÌy toxic 
when taken In large quanuues. Cadmium, chromium, and nickel, for 
example, are potent carcinogens, and arsenic ¡s a well-known polson. Yet 
our bodies need microquantities of these minerals 1Ý we are to stay healthy. 
Eating a well-balanced diet is often the best way to obtain a good balance 
of minerals. Mineral supplements may also be taken, but doses should be 
monitored carefully. 

Two of the most abundant minerals in our diet are the Ions of potas- 
sium and sodium. Both these ions are involved in nerve-signal transmission 
and ¡n the transport of molecules into and out of cells. For good health, we 
need more potassium ions than sodium ions. So do all other living organ- 
isms, including the plants and animals we cat. When we eat these plants or 
animals without additives and without excessive processing, our need for 
greater amounts of potassium is met because these organisms naturalÌy con- 
tain more potassium than sodium. When food is boiled or deep-fried, how- 
ever, both potassium ions and sodium ions are stripped away along with the 
liquids in which they are dissolved. Salting the food with sodium chloride 
then puts the sodium ion content way above the potassium ion content. 

Another important dietary mineral is phosphorus, which comes to us 
as the phosphate ion, H;ạPO—. As you can see by checking back to Figure 
13.26 on page 421, phosphate ions form the backbone o£ nucleic acids. In 
addidon, they are components of the energy-packed compound adenosine 
triphosphate (ATP), shown in Figure 13.40 on page 436, which is produced 
in the oxidation of carbohydrates, lïpids, and proteins. 

ATP is the direct source of energy for most of the energy-requiring 
processes in the body, such as tissue building, muscle contractlon, transmis- 
sion of nerve impulses, heat production, and movement o£ molecules into 
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Adenosine triphosphate (ATP) 


Figure 13.40 
Phosphate ions are an important part of the ATP molecule. 


and out of cells. The human body goes through lots of ATP-—about 8 grams 
per minute during strenuous exercise. Ïr is a short-lived molecule and so 
must be produced continuously. The many chemical pathways by which 
foods are oxidized to yield ATP have been mapped extensively by bio- 
chemists. 

Various poisons act by blocking the synthesis of ATP. Carbon monox- 
ide, for example, binds to the iron o£ hemoglobin, thereby preventing 
hemoglobin from carrying oxygen. The reason the body needs oxygen, 
however, is so that it can be used to oxidize carbohydrates, lipids, and pro- 
teins to form ATP. So without oxygen, the body becomes starved of energy- 
yielding ATP and quickly dies. Cyanide also blocks the synthesis of ATP but 
does so by incapacitating enzymes that play an important role in ATP syn- 
thesis. Interestingly, ATP ¡s also used by the body to allow muscles to relax 
after contraction. ÑWhen the body dies, no matter what the cause, ATP syn- 
thesis comes to a halt, and all body muscles become stif——a condition 
known as rigor mortis. 


15.7  Metabolism ls the Cycling of 
Biomolecules Throuph the Body 


Your body takes in biomolecules in the food you eat and breaks them down 
to their molecular components. Then one of two things happens: either 
your body “burns” these molecular componenrs for their enerey content 
throuph a process known as celz/2z 7z£3p774/2m, or these components are 
used as the building blocks for your body own versions of carbohydrates, 
lipids, proteins, and nucleic acids. The sum total of all these biochemical 
activities is what we call metabolism. Iwo forms of metabolism are ¿⁄z/- 
072 and awa0ofzsz, and Figure 13.41 shows the major catabolic and ana- 
bolic pathways of Ìiving organisms. 

All metabolic reactions that involve the tearing down of biomolecules are 
grouped under the heading of catabolism. Digestion and cellular respiration 
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Waste molecules 


Cell macromolecules 


Body heat 


Carbon dioxide, CO 
Water,H2O 2 Muscle movement rẻ DI 
Ammonia,NH; Sa Proteins 
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are examples o£ catabolic reactions. Digestion begins with the hydrolysis of 
food molecules, a reaction in which water is used to sever bonds in the mol- 
ecules. The small molecules formed in digestion, such as the plucose units of 
complex carbohydrates, then migrate to all the various cells of the body and 
take part in cellular respiration. There the small food molecules lose electrons 
to the oxygen that was inhaled through our lungs, and as a result break down 
to even smaller molecules as carbon dioxide, water, and ammonia, which are 
excreted. Throuph this process, hiph-energy molecules, such as ATP, are cre- 
ated. These high-energy molecules are able to drive reactions that produce 
body heat, muscle movement, and nerve impulses. They also are responsible 
for allowing anabolism, which ¡s the general term for all the chemical reac- 
tions that produce large biomolecules from smaller molecules. 

The types of biomolecules produced by anabolism are the same as the 
types found in food—carbohydrates, lipids, proteins, and nucletc acids. 
These products of anabolism are, iÝyou will, the host5 own version of what 
the food once was. And if the host ever becomes food, anabolic reactions In 
the subsequent host will result in different versions of the molecules. Thus, 
organisms in a food chain live off one another by absorbing one anotherS 
energy via catabolic reactions and then rearranging the remaining atoms 
and molecules via anabolic reactions into the biomolecules they need to 
SUTVIV€. 

Catabolism and anabolism work together. In healthy muscle tissue, for 
example, the rate of muscle degradátion (catabolism) is matched by the rate 
of muscle building (anabolism). If you increase your food suppÌy and exer- 
cise vigorously, ít is possible to favor the muscle-building anabolic reactions 
over the muscle-destroying catabolic reactions. The resuÏt is an Increase ¡n 


Figure 13.41 

Metabolic pathways for the food we 
ingest. Catabolic pathways are indi- 
cated by the purple arrows, anabolic 
pathways by the blue arrow. 
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Figure 13.42 
The food pyramid. 
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muscle mass. Stop eating and exercIsing, however, and these anabolic reac- 
tions lose out to the catabolic reactions. The result is a decrease In muscle 
mass—you begin to Waste aWay. 


Concept Check v 


Anabolic steroids help people gain muscle mass. lf there were such a 
thing as a catabolic steroid, what would be its efect? 


Was this Y0uF anSWeF? Anabolic? Catabolic? Which is which? Many students recognize the term 
anabolic steroids fom the sports news media, which are quick to report on famous athletes caught using 
these steroids for improved performance. Anabolism therefore is muscle-building, and so catabolism 
must be muscle-degrading. A catabolic steroid would cause a loss of muscle mass. 


12.8 The Food Pyramid Summarizes a Healthful Diet 


The food pyramid, shown in Figure 13.42, summarizes the food Intake rec- 
ommendations of the United States Department of Asriculture (USDA). 
According to this pyramid, an individual5 daily diet should consist mostly 
of bread, cereals, grains, pastas, fruits, and vegetables, with the amount of 
dairy products and meats fairly limited and foods hiph ïn sugars or fats con- 
sumed only sparingly. 

Wc can get some insight into the reasons behind these recommenda- 
tions by looking at how the body handles the biomolecules contained in 
these foods. 


Fats,oils,sweets ¿ 
sparingly 


Milk,yogurt,cheese , 


Meat, poultry, fish, 
2-3 servings : 4 


dry beans, eggs, nuts 
2-3 servings 


Vegetables 
3-5 servings 


Fruit 
2-4 servings 


Bread, cereals, 
rice, pasta 
6-11 servings 
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Carbohydrates Predominate in Most Foods 


The breads, cereals, grains, pastas, fruits, and vegetables of the lower two 
tiers of the pyramid are important sources of food primarily because they 
contain a good balance of all nutriente—carbohydrates, fats, proteins, 
nucleic acids, vitamins, and minerals. The predominant component of these 
foods 1s carbohydrates, however. 

There are two types of carbohydrates—nondigestible, called dietary 
be, and digestible, mainly starches and sugars. 

As discussed in Section 13.2, dietary fber helps keep things moving in 
the bowels, especially in the large intestine. There are two kinds of §ber— 
water-insoluble and water-soluble. Insoluble fñber consists mainly of cellu- 
lose, which is found ¡in all food derived from plants. In general, the less 
processed the food, the hipher the insoluble-fiber content. Brown rice, for 
example, has a greater proportion of insoluble fñber than does white rice, 
which ¡is made by milling away the rice seedS outer coating (along with 
numerous vitamins and minerals). 

Soluble ñber ¡is made of certain types of starches that are resistant to 
digestion in the small intestine. An example is pectin, which ¡s added to 
jams and Jellies because it acts as a thickening agent, becoming a gel when 
dissolved in a limited amount of water. Soluble fiber tends to lower choles- 
terol levels in the blood because of how ¡t interacts with ///£ s2», which are 
cholesterol-derived substances produced ¡n the liver and then secreted into 
the intestine. As shown in Eipure Í3.43, one o£ the functlons of biÌe salts is 
to carry ingested lipids throueh the membranes of the Intestine and into the 
bloodstream. The bile salts are then reabsorbed by the liver and cycled back 
to the intestine. Soluble ñber in the intestine binds to bile salts, which are 
then efficiently passed out of the body rather than being reabsorbed. The 
liver responds by producing more bile salts, but to do so it must utilize 


Cholesterol 


Bile salts 
return to 
liver. 


Lipid 


z4 lntestine 


Bile salts from 


the liver are 
secreted into Bile salts bind 
intestine. with soluble fiber 
Lipid/bile salt and pass out 
) Bile salts carry complex of body. 
lipids into 
bloodstream. : 
(a) (b) 


Figure 13.43 
(a) With no soluble fiber present, bile salts recycle to the liver and no new ones need to be 


made. (b) In the presence of soluble fiber, bile salts are removed from the body. The liver then 
must use cholesterol from the blood to make new supplies of bile salts. Thus by binding with 
bile salts, soluble ñber indirectly decreases the amount of cholesterol in the blood. 


Bloodstream (2) Liver removes 


cholesterol from 
bloodstream to 
synthesize additional 
bile salts to replace 
those lost. 


Soluble fiber/ 
bile salt complex 
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cholesterol, which it collects om the bloodstream. By this indirect route 
of binding with bile salts, soluble ñber tends to Ïower a persons cholesterol 
level. Foods rich in soluble ñber include fruits and certain grains, such as 
oats and barley. 

During digesuon, the digestible carbohydrates—both starches and 
sugars—are transformed to glucose, which ¡s absorbed ¡into the blood- 
stream through the walls of the small intestine. The body then utilizes this 
glucose to build energy molecules, such as ATP. 

Carbohydrate-containing foods are rated for how quickly they cause an 
inerease in blood glucose levels. This rating is done with what Is known as 
the øj/cezic /z4/zx. The index compares how much a given food increases a 
persons blood glucose level relative to the.increase seen when pure øÌucose 
¡s ingested, with the latter increase assigned a standard value of 100. In gen- 
cral, foods that are hiph in starch or sugar but low in dietary ñber are hiph 
on the glycemic index, a baked potato being a prime example. 

The glycemic index for a particular food can vary greatly from one per- 
son to the next. How the food was prepared can also make a big diference. 
Thus, index values, such as the ones shown in Table 13.4, are to be taken 
lightly—merely as ballpark ñgures. Given this qualification, however, the 
index provides valuable information for people, such as those with diabetes, 
who necd to pay close attention to their blood sugar levels. 


Table 13.4 


Glycemic Index for Select Foods 


Glucose 100 Honey 58 
Baked potato 85 Sweet corn 55 
Cornflakes 83 Brown rice 55 
Microwaved potato 82 Popcorn 55 
Jelly beans 80 Oatmeal cookies 55 
Vanilla Wafers 77 Sweet potato 54 
French fries HS Banana 54 
Cheerios 74 Milk chocolate 49 
White bread 71 Orange 44 
Mashed potato 70 Snickers candy bar 40 
Life-Savers candy 70 Pinto beans 39 
Shredded Wheat 69 Apple 38 
Wheat bread 68 Spaghetti, boiled 5 minutes 36 
Sucrose 64 Skim milk 32 
Raisins 64 Whole milk 2J/ 
Mars candy bar 64 Grapefruit 25 
High-fructose corn syrup 62 : Soy beans 18 
White rice 58 Peanuts 15 


Source: Jennie Brand Miller et aÍ., The Glucose Revolution: The 
Sydney: Marlowe & Company, 1999. 


There are a number of problems associated with eating carbohydrate 
foods that have a high glycemic index. For example, the rapid spike ín 
blood glucose level causes the body to produce extra 7/2, a blood- - 
soluble protein that causes glucose to be moved out of the blood and into 
cells to be metabolized. Insulin ¡s very effective at what It does, however, 
and soon the extra insulin ¡in the blood leads to a depletion of blood 
plucose. The body responds by releasing glucose-yielding gÌycogen but 
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also by triggering a sense of hunger, even if the person just ate. A meal rích 
¡n foods híph on the glycemic index therefore promotes overeating, which 
usually leads to obesity. 

— Many professional organizations, such as the American Diabetes Asso- 
ciation, caution that priority should be given to the quantities of carbohy- 
drates ingested rather than to the glycemic index of the food containing 
those carbohydrates. What really counts is the total number of calories 
absorbed, not whether these calories came from foods high or low on the 
Index. For most people, however, ingesting foods low on the index mak:es 
maintaining a healthful caloric intake more manageable. 

Another advantage of eating carbohydrates from foods that are low on 
the index 1s that these foods provide energy to the body over an extended 
period of time. They do this because the glucose molecules they contain are 
released slowly. Furthermore, maintaining moderate glucose levels in the 
blood allows the body to continue using fats for its energy needs. Ás was 
discussed ¡n Section 13.3, fats provide much more energy per gram (and 
thus more ATP) than do carbohydrates. 

For athletes, a diet rích in foods low on the index, such as spaghetti, 
translates to greater endurance. Interestingly, this greater endurance 1s just 
as useful for body-builders as it Is for marathon runners. The cenergy 
required for building muscles is far more critical than the supplÌy of raw 
materials needed. Furthermore, the bodys metabolism ¡is versatile enoueh 
to øenerate proteins out of ølucose (Just as ¡t is able to generate ølucose out 
of proteins). Thus, the body-builders supply of proteins ¡s assured. A diet 
rích in carbohydrates ¡s therefore more effective at allowing a body-builder 
to build muscles than is a diet rích In prote1ns. 

Despite the many advantages of cating carbohydrates low on the 
elycemic index, foods rích in carbohydrates hiph on the index, such as 
sucrose, are now more popular than ever. Many of these foods are highly 
processed and are found at the apex of the food pyramid. Althouph they are 
good at providing energy, the USDA recommends that they be consumed 
only sparingly because they lack many of the essential nutrients present in 
the foods of the lower two tiers. 


Unsaturated Fats Are Generally More Healthful than Saturated Fats 


Because your body uses saturated fats to synthestze cholesterol, the more 
saturated fats you ingest, the more cholesterol your body ¡s able to synthe- 
size. Unsaturated fats, by contrast, are not ideal starting materials for cho- 
lesterol synthesis. 

Another reason unsaturated fats are more healthful has to do with how 
fats associate with cholesterol. Fats and cholesterol are both nonpolar lipids, 
which, on their own, are ¡nsoluble in blood. In order to move throuph the 
bloodstream, these compounds are packaged with bile salts, as was discussed 
earlier. Most lipids, however, are made water-soluble by being packaged with 
water-soluble proteins in complexes called //øø@zø/z/s. LIpOproteIns are cÏas- 
siÑed according to density, as noted in Table 13.5. Very-low-density lipopro- 
teins (VLDL) serve primarily in the transport of Íats throuphout the body. 
Low-denstty lipoproteIns (LDL) transport cholesterol to the cells, where It Is 
used to build cell walls. High-density lipoproteins (HDL) bring cholesterol 
to the liver, where it ¡s transformed to a variety of usefuil biomolecules. 


A candy bar ¡is qood for 
0 quick enerqy fix, bu† 

chow down on ø spaghe††i 
feos† †he nigh† before a 
s†renuous workou† for 
long-run enerqy. 
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Lipoprotein Percent Protein Density (g/mL) Primary Function 
Very-low-density (VLDL) 5 1.006-1.019 Fat transport 
Low-density (LDL) 25 1.019-1.063 Cholesterol transport 
(to cells to build cell 
walls) 
High-density (HDL) 50 1.063-1.210 Cholesterol transport 


(to liver for processing) 


A diet hiph in saturated fats leads to elevated VLDL and LDL levels in the 
bloodstream. Thịs is undesirable because these lipoproteins tend to form fatty 
deposits called ø/2⁄£ in the artery walls. Plaque deposits can become 
infamed to the point where they rupture, releasing blood-clotting factors 
into the bloodstream. A blood clot formed around the rupture site 1s let Ìoose 
into the bloodstream, where it can become lodged and block the flow of 
blood to a particular region of the body. ÑW/hen that region is in the heart, the 
result is a heart attack. When that region is in the brain, the result is a stroke. 

In contrast to saturated fats, unsaturated fats tend to increase blood 
HDL levels, which ¡s desirable because these lipoproteins are effective at 
zemo1 plaque from artery walÌs. 


Concept Check v 


For what two reasons are unsaturated fats better for you than saturated 
fats? 


Was this Y0uF anSW€FT? Unsaturated fats are not so readily used by your body to synthesize cho- 
lesterol. They also tend to increase the proportion of high-density lipoproteins, which lower the level of 
cholesterol in your blood and help relieve the buildup of arterial plaque. 


Ủnsaturated fats, as noted in Section 13.3, tend to be liquids at room 
temperature. They can be transformed to a more solid consistency, however, 
by Øyogenaứ/øn, a chemical process in which hydrogen atoms are added to 
carbon-carbon double bonds. Mix a partially hydrogenated vegetable oil 
with yellow food coloring, a little salt, and the organic compound butyric 
acid for favor, and you have margarine, which was first prepared around the 
time of World WWar IÍ as an alternative to butter. Many food products, such 
as chocolate bars, contain partially hydrogenated vegetable oils so that they 
are of a consistency that sclls well in the marketplace. Hydrogenaton 
increases the percentage of saturated fats, however, and therefore makes these 
fats less healthful. Furthermore, as Figure 13.44 shows, some of the double 
bonds that remain are transformed to the Øs structural Isomer (see: 
Imuebb: Tuistne /elybeams on page 369). Because carbon chains containing 
£zzzs bonds tend to be less kinked than chains containing ¿7s bonds, the par- 
tially hydrogenated fat has straiphter chains. This means the fat is more 
likely to mimic the action of saturated fats in the body. 
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Figure 13.44 
Hydrogenation can lead to trans double bonds in the fatty acid chain, which as a result points 
straight out, much as the chain of a saturated fatty acid does. 


Hands-On Chemistry: S1z7zle Sources 


Did you ever notice that butter and margarine sizzle on a hot griddle but 
vegetable oil does not? The sizzling is the sound of water boiling away rapidly 
as the butter or margarine hits the hotter-than-100°C griddle. The sizzling 
subsides once the water is gone. Vegetable oil contains no appreciable quanti- 
ties of water, and so it does not sizzle. Different brands of margarine contain 
different proportions of water, which is the subject of this investigation. 


What You Need 


Several brands of margarine (be sure to include a number of “light” spreads), 
series of same-sized drinking glasses, microwave oven, kitchen baster or eye 
dropper 


Procedure 


( Place each margarine sample in a separate glass. Add enough mar- 
garine so that ít is at least 0.5 inch deep. 


@) Label each glass with the brand it contains. 


(8) Melt all the samples in the microwave oven. (Watch carefully because 
this doesnt take long.) As the margarine melts, the water and lipid lay- 
ers seDarate. 


(4 Note the relative water content of the various brands by comparing 
the depths of the water layers. 


®) Use the eye dropper or kitchen baster to pull off only the water layer, 
which will be beneath the lipid layer. Cool the lipid layers in the refrig- 
erator, and then look for differences in consistencies. 


Based on the consistencies you noted in step 5, which sample do you suppose 
contains the greatest proportion of saturated fats? 
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Our Intake of Essential Amino Acids Should Be Carefully Monitored 


Proteins are useful for their energy content, just as starches, sugars, and Íats are, 
but perhaps the greatest importance of proteins lies with how our bodies use 
them for building such structures as enzymes, bones, muscles, and skin. Ofthe 
20 amino acids the human body uses to build proteins, the adult body ¡s able 
to produce 12 of them in amounts suffcient for Its needs—it produces these 
amino acids from carbohydrates and fatty àcids. The remaining eight, listed in 
Table 13.6, must be obtained from food. Because the body needs these eight 
amino acids but cannot synthesize them, they are called ¿ss£///2/ 2w/nø Ac//, 
¡n the sense that it is essential we get adequate amounts of them from our food. 
To support rapid growth, infants and children require, in addition to the eight 
amino acids listed for adults in Table`13.6, large amounts of arginine and his- 
tidine, which can be obtained only from the diet. Infants and juveniles there- 
fore have a total of ten essential amino acids. (The term #ss£//1s unfÍortunate 
because, in truth, all 20 amino acids are vital to our good health.) 


Table 13.6 


The Essential Amino Acids 


Arginine 
Histidine 
|soleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Tryptophan 
Valine 


Essential for children 


Essential for adults 


WWhy our bodies produce ample amounis of some amino acids and not 
others can be explained by looking at the chemical structures of the amino 
acid side groups, shown ¡n Eigure 13.16 back on page 414. The nonessen- 
tial amino acids have side groups that tend to be simple and therefore can 
be produced by the body without much effort. The essential amino actds, 
however, tend to be biochemically more diffcult to make. The body there- 
fore can save energy by obtaining these amino acids from outside sources. 
Over the course of evolution, our capactty to build these amino acids 
diminished. In a similar manner, we lost the capacity to build vitamins, 
which are also complex molecules more efficiently obtained through our 
diet. In other words, we let other living organisms go throuph the metabolic 
expense of building these biomolecules, and then we eat those organisms. 

In general, the more closely the amino acid compositlon of ingested 
protein resembles the amino acid composition o£ the animal eating the pro- 
tein, the higher the nutritlonal quality of that protein. For humans, mam- 
malian protein is of the hiphest nutritional quality, followed by ñsh and 
poultry, then by fruits and vegetables. Plant proteins in particular are often' 
defcient in Ìysine, methionine, or tryptophan. A vegetarian diet provides 
adequate protein onÌy 1fit contains a variety of protein sources, with a defi- 
ciency ¡n one source being compensated for by an excess in another source, 
as shown in Figure 13.45. 
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Tryptopfien Figure 13.45 
xi Sufficient protein can generally be 
MAeThionine obtained in a vegetarian diet by com- 
bining a legume, such as peas or 
beans, with a grain, such as wheat or 
Voline corn. Familiar meals containing such a 
ñr Z onine combination include a peanut butter 
Jin Tà sợ sandwich, corn tortillas and refried 
beans, and rice and tofu. 
| Leucine 


Corn and o†her qroins 


Tsoleucine 
Lysine 


Beons and other lequmes 


The old adage “you are what you eat” has a literal foundation. ÑW¡th the 
exception of the oxygen you obtain through your lungs, nearÏy every atom 
or molecule in your body got there by first passing throueh your mouth and 
into your stomach. All the biomolecules needed for the energy and growth 
of a fetus growing ¡n the womb, like Maitreya Suchocki in Figure 13.46, 
must first pass through the lungs and mouth of her mother, which is why 
it is so vital that her mother eat ripht and maintain a healthful lifestyle 
while pregnant. And then, a mere 40 weeks later, her motherS food has 
been transformed by the actions of Maitreyas DNA into a whole new body 
ripe for exploring the world around hetr. 
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Figure 13.46 
(a) As a fetus, Maitreya is undergoing the most rapid growth rate of her life, and thus her 


dependence on a healthful diet is as great 4s it will ever be. (b) As a baby, Maitreyas nutritional 
needs are still great, as is her ability to imitate her mother during a copyedit session. 
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Key Terms and Matching Definitlons 


amino acid 
anabolism 
carbohydrate 
catabolism 
chromosome 
deoxyribonucleic acid 
enzyme 

fat 

gene 

gene cloning 
ølycogen 

lipid 
metabolism 
mineral 

nucleic acid 
nucleotide 
protein 
recombinant DNA 
replication 
ribonucleic acid 
saccharide 
transcription 
transÌation 
vitamin 


1. A biomolecule that contains only carbon, 
hydrogen, and oxygen atoms and is produced 
by plants through photosynthesis. 

2. Another term for carbohydrate. The preflxes 
ø#ø-, đ-, and pøj- are used before this term 
to indicate the length of the carbohydrate. 

3. A glucose polymer stored in animal tissue and 
also known as animal starch. 

4. A broad class of biomolecules that are not solu- 
ble in water. 

5. A biomolecule that packs a lot of energy per 
gram and consists o£a plycerol unit attached to 
three fatty acid molecules. 

6. A polymer of amino acids, also known as a 
polypeptide. 

7. The monomers of polypeptides, each monomer 
consisting of an amine group and a carboxylic 
acid group bonded to the same carbon atom. 

8. A protein that catalyzes biochemical reactlons. 

9. Á nucleic acid monomer consisting of three 
parts: a nitropgenous base, a rIbose sugar, and an 
Ionic phosphate øroup. 


._A long polymeric chain o£ nucleotide monomers. 
- Á nucleic acid containing a deoxygenated ribose 


sugar, having a double helical structure, and car- 
rying genetic code in the nucleotide sequence. 


- Á nucleic acid containing a fully oxygenated 


rIbOs€ suga. 


. An elongated bundle of DNA and protein that ap- 


pears in a celÏs nucleus just prior to cell division. 


. The process by which DNA strands are 


duplicated. 


. Á nucleotide sequence in the DNA strand in a 


chromosome that leads a celÌ to manufacture 


a particular polypeptide. 


. The process whereby the genetic Information 


of DNA is used to specify the nucleotide 
sequence of a complementary single strand of 
messenger RNA. 


. The process of bringing amino acids together 


according to the codon sequence on mRNA. 


..A hybrid DNA composed of DNA strands from 


different organisms. 


. The technique of incorporating a gene from one 


Organism into the DNA of another organism. 


. Ôrpanic chemicals that assist in various bio- 


chemical reactions in the body and can be 
obtained only from food. 


. Inorganic chemicals that play a wide variety of 


roles In the body. 


. The general term describing all chemical reac- 


tions in the body. 


. Chemical reactons that break down biomole- 


cules in the body. 


. Chemical reactions that synthesize biomolecules 


In the body. 


Review Questions 


Biomolecules Are Produced and Utilized in Cells 


lẾ 
2à; 


Do plant cells have a plasma membrane 


WWhat are the four major categorles of biomole- 
cules discussed in this chapter? 


Carbohydrates Give Structure and Energy 


Sỹ 
Á. 


Are all carbohydrates digestible by humans? 


How does the chemical structure of the mono- 
saccharide ølucose differ from that of the mono- 
saccharide fructose? 


5. Why do plants produce starch? 


- How does amylose differ from amylopectin? 


. Which monosaccharide do starches and cellu- 


lose have in common? 


- What ¡is the most abundant organic compound 


on the Earth? 


Lipids Are Insoluble in Water 


SỀ 


10. 
H)Ï. 


Nhat are the structural components of a 
triglyceride? 


Nhat makes a saturated fat saturated? 


Nhat do all steroids have in common? 


Proteins Are Polymers of Amino Acids 


J2. 


lỗ 


14. 


l5, 


16. 


jD/.. 


18. 
HỘ), 


WWhat are the building blocks ofa protein 


molecule? 


How do various amino acids differ from one 
another? 


Nhat do a peptide, polypeptide, and protein 
all have In common? 


Name the four structural levels possible in a 
protein, and describe the details of each. 


WWhat are the two most common secondary 
structures in a protein? The two most common 
t€ertIary structures? 


Nhat does disulfide cross-linking do for a 


protein? 
NWhat ¡s the role of enzymes in the body? 


WWhat holds a substrate to Its receptor site? 


Nucleic Acids Code for Proteins 


2105 


L1, 
2. 


THỜ: 


Nhat ¡s the diference between a nucleic acid 
and a nucleotide? 


NVhere in the cell are ribonucleic acids found? 


\Where in the cell are deoxyribonucleic acids 
found? 


Which four nitrogenous bases are found in 
DNA? ÏIn RNA? 


24. 
Tủ: 


26. 


Si: 


25: 


2Ó. 
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Are codons found in DNA or in RNA? 


On what form of RNA are anticodons 
found) 


Nhat ¡s the difference between transcription 
and translation? 


Nhich amino acid is coded for by the 
nitrogenous-base sequence AGG? 


Nhat is a restriction enzyme, and what does 
Ir do 


Nhat is a sticky end in a DNA frayment, and 
how are sticky ends useful in the formation o£ 
recombinant DNA? 


Vitamins Are Organic, 
Minerals Are lnorganic 


30. 
ĐC 


Nhat are two cÏasses of vitamins? 


WWhy is ít often more healthful to eat 
vepetables that have been steamed rather 


than boiled? 


Metabolism ls the Cycling of 
Blomolecules Through the Body 


2ó. 


2ội 


What is the general outcome of 
catabolism? 


Nhat ¡s the general outcome of anabolism? 


The Food Pyramid Summarizes 
a Healthful Diet 


34. 


Si: 
SÀ9) 


37. 


38. 


WWhich type of biomolecule does the food 


pyramid recommend we cat the most of? 
Are all dietary ñbers made of cellulose? 


Ís it possible to eat a food low on the gÌycemic 
index and stilÍ experlence a sipnificant Increase 
in blood glucose? 


WWhich type of lipoproteins have a greater assO- 
ciation with the formation of plaque on artery 
wall: LDLs or HDLs? 


WWhy doesnt the human body synthesize the 


essential amino acids? 
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Hands-On Chemistry Insights 
Spit In Blue 


The amylose-todine complex is shown above. Amy- 
lase, an enzyme ¡n your saliva, broke down the amy- 
Ïose in the solution you spit into, meaning there 1s 
less starch present to react with the iodine and conse- 
quently a lighter blue solution. 

The reason you had to wait a few minutes before 
adding the iodine has to do with how the amylase 
attacks each starch molecule. The enzyme does not 
attack ¡in the middle of an amylose strand so that the 
strand is broken first in haÏlf, then in quarters, and so 
on. Instead, the amylase attacks only at the two ends 
of each strand, cleaving only one gÌucose unit at a 
time from each end and so destroying the starch mol- 
ecule only very slowly. 

Here are some questions relating to this actIvity. 
Enzymes such as amylase are destroyed by heat——how 
could you confrm this experimenrally? lf you boll 
one starch solution for onÌy a few minutes and a sec- 
ond starch solution for an excessively long time, 
which will be light blue and which will be dark blue 
when you add iodine? Many Instant Cream of WWheat 
cereals contain papain, an enzyme related to amylase. 
Can ít be said that these Instant cereals are being 
dipested óøƒ#zz reaching your mouth? 


Siz;le Sources 


With the chilled lipid layers, you can assume that, in 
general, the more solid the sample, the hipher its pro- 
portion of saturated fats. 

As you should have discovered from this actIvity, 
the “light brands of spread contain fewer calories 
simply because they contain a greater proportion of 
water. Rather than water, some brands whip air into 
the spread. Either way, the net result is fewer lipid 
molecules per serving, which for saturated fats is not 
too bad a deal. Note that many of the “light” brands 
are labeled “for spread purposes only, not for cook- 
¡ng.” Why do you suppose this ¡s so? 


ExercIseS 
1. Does a carbohydrate contain water? 


2. Nhat is another biological use for carbohydrates 
besides energy? 


3. In what ways are cellulose and starch similar 
to cach other? In what ways are they different 
from cach other? 


4. Why does starch begin to taste sweet after 
¡t has been in your mouth for a few minutes? 


5. Why are lipids insoluble in water? 


6. Why ¡s it important to haye cholesterol in 
your body? 


7. Could a food product containing glycerol and 
fatty acids but no triplycerides be advertised as 
being fat-free? IÝ so, how miphrt such advertising 
be misleading? 


8. Silk is more waterproof than cotton. hy: 


9. You are a beautician about to apply a reducing 
agent to a customer with ñne hair who wants to 
have his hair curly. Should the reducing agent 
be regular strength, concentrated, or diluted? 


10. Why is a permanent wave not really permanenr? 


11. When an unknown peptide containing five 
amino acids is treated with an enzyme that 
hydrolyzes only the serine-leucine peptide bond, 
(but not the leucine-serine bond) the fragments ' 
Leu-C$ys, Ser, and Leu-Ser are formed. Ñhat was 
the original amino acid sequence In the peptide? 


12. Why cant your body produce proteins ftom 


ID 


14. 


J5. 


16. 


II 


18. 


l 


D20). 


carbohydrates and fats alone? 


[dentify the molecular attractions occurring in 
this large protein at the locations a, b, and c: 


CH: 
bi : 
H 
,h 
Ch, 
pn S) c® 
-_ Ð Q6) 
c2 
)L no 
ca lá `. 


Disunguish among the primary, secondary, and 
tertiary structures of this protein. 


WWhy do changes in pH interfere with the func- 
tion of proteins? For your answer, consider the 
acid-base character of many amino acid side 
chains. 


A common source of DNA damage 1s the spon- 
taneous transformation of cytosine into uracIl. 
This occurs at a rate of about 100 times a day. 
Fortunately, the body produces enzymes able to 
transform this uracil back Into cytosine. GIven 
this information, suggest why DNA differs from 
RNA in possessing the nucleotide thymine 
rather than uracil. 


List codon, gene, nucleic acid, and nucleotide 
in order of increasing s1ze. 


Nhich amino acid does the DNA sequence 
ATG code for? 


WWhy is the number of adenines in a DNA mole- 
cule always the same as the number of thymines 


WWhat polypeptide ¡s coded for by the mRNA 
sequence AUGGACCCAGCGUGAUGUA? 


hat polypeptide would be coded for by the 


mRNA sequence in Exercise 19 if the second G 


Ti, 


SA 


cm: 


24. 


29. 


26. 


Ta 


28. 


22905 


SỤ, 


SN IỆ 
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from the left were somehow deleted? WWhat 
problems mipht this change cause ¡n a gene? 


WWhy does mRNA not remain associated 
with DNA after being generated through 
transcription? 


How many symmetrical sequences can you find 
In the DNA segment 


Both water-soluble and water-insoluble vitamins 
can be toxic in large quantities. Qur bodies are 
much more tolerant of the water-soluble ones, 
however. Why? 


The dietary minerals must be in ionic form in 
order for the body to make use of them. WWhy? 


A friend of yours loads up on vitamin C once a 
week instead of spacing it out over time. She 
argues the convenience of not having to take 


pills every day. What advice do you have for her? 
XWhich statement Is mor€ aCCUTat€: 


a. Vitamins are needed by the body to avoid 
viramin-defciency diseases, such as scurvy. 


b. Viramins are needed by the body so that 
many o£ its catabolic and anabolic reactions 
can proceed efficiently. 


Supgest why the gÌycemic Index Íor sucrose 1s 
only about 64 percent that o£ gÌucose. 


Suggest why, in the Intestine, breaking starch 
down to gÌlucose takes longer than breaking 
sucrose down to gÌucose. 


Mammals cannot produce polyunsaturated fatty 
acids. How ¡s ¡t then that the lard obtained 
from beef fat contains up to 10 percent poly- 
unsaturated fatty acids? 


Peanut butter has more protein per gram than 
a hard-boiled egg, and yet the eøg represents a 
better source of protein. hy? 


The human body stores gÌlucose as glycogen 
and fat as fatty tissue that can accumulate 
beneath the skin. How does the body store 
any amino acids? 
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32. Cold cereal is often fortified with alÍ sorts of 
vitamins and minerals but ïs defcient In the 
amino acid lysine. How mipht this delclency 
be compensated for in a breakfast meal? 


DIscussion TopIcs 


1. The Human Genome Project is being con- 
ducted by both private groups and øgovernment 
agencies. This raises the issue of who should 
proft from the information gathered and to 
what degree. What do you think? Should all 
the information gathered be in the publïc 
domain so that anyone has the right to capital- 
ize on this information? Alternatively, should 
some o£ the information be owned privately so 
that ¡t can be sold to heÌp recover expenses 
and/or to make a profit? 


2. Some diets, most notably the Atkins diet, call 
for large amounts oÊ protein and fat and small 
amounts of carbohydrate. One of the claims of 
such diets ¡s that for the same number of caÌo- 
ries, a meal hich in protein and fat leaves a p€r- 
son with less oan urge to eat later on. Ône of 
the arguments against such diets 1s that they are 
hard on the kidneys and liver. Find out more 
about the advantages at www.atkinscenter.com 
and the disadvantages at www.healthcentral.com 
(keyword search: high-protein diet), and discuss 
the issues with your cÌlassmates and friend:. 


Exploring Further 


John Rennie, editor, “The Business of the Human 
Genome: Special Industry Report.” Se/w#c 
Amerzean 283(1), July 2000. 
A series of three review articles on the progress 
of the Human Genome Project. Included are 
overviews of the science Involved in mapping 
human DNA and how the knowledge gained 
may be put to practical use. 


http://www.ornl.gov/TechResources/Human_ Genome/ 
home.html 
Site for the Human Genome Project, which 
began in 1990 with the goal of identifying all 
the genes in human DNA. 


http://vm.cfsan.fda.gov/list.html 
Site for the Food and Drug Administrations 
Center for Food and Safety and Applied 
Nutrition. Here you will ñnd links to the 
EDAS stance on such topics as dietary supple- 
menrs, food labeling, and nutrition. 


http://www.dietitian.com 
The question-and-answer site of Joanne Larsen, 
a reputable expert in the field of dietetics. 
Peruse her well-formed answers, and youÏÏ ñnd 
ample use of the many terms and concepts 
introduced ¡in this chapter. 
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Understanding Drug Action 


Archaeological evidence shows that early civilizations were keenly aware of 
the medicinal properties of certain plants. In A.D. 78, for example, the Greek 
physician Dioscorides wrote Materia Medica, a treatise in which he described 
about 600 plants known to have medicinal properties. Included in this list was 
the opium poppy, shown in this chapters opening photograpH. lncisions in 
the seed capsules of this plant yield a milky sap. When air-dried and kneaded, 
the sap forms a soft material known as opium, which contains opioids, a class 
of alkaloids known for their pain-killing and tranduilizing effects. [he mole- 
cule shown is morphine, one of the more abundant and potent opioids. 

With the development of chemistry in the early 1800s came the under- 
standing that natural products owe their medicinal properties to certain sub- 
stances they contain. In 1806, for example, morphine was isolated from 
opium, and in 1820 quinine, a drug useful in fighting malaria, was isolated 
frơm the bark of the cinchona tree. Soon, compounds produced in the labora- 
tory were also found to have medicinal properties. In the 1840s, for example, 
anesthetic activity was found in the synthetic chemicals chloroform, nitrous 
oxide, and ethyl ether, making painless surgery and dentistry possible. 

In the 18605, Louis Pasteur (1822-1895) confirmed the germ theory of dis- 
ease with his discovery of bacteria. This led to the discovery of the antiseptic 
properties of phenol and related compounds, which, as discussed in Chapter 
12, could be used to prevent bacterial infection. The first major advance 
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Table 14.1 


toward curing bacterial diseases was not made until the 19305, however, when sul- 
fur-containing compounds known as sulfa drugs were developed. Next came peni- 
cillin, an antibiotic derived from extracts of the mold Penicillium notatum. Subse- 
quent research has led to an ever-expanding array of drugs—both natural and 
synthetic. Today, there are more than 25,000 prescription drugs and 300,000 non- 
prescription drugs available in the United Sfates. 

This chapter describes the major categories of drugs and the methods used in 
developing new drugs. lt also addresses some of the social issues arising from our 
reliance on these chemicals. 


——_—_—_—_—_—__—_—_——_————__—————————————————— 


141 Drugs Are Classified by Safety, Social 
Acceptability, Origin, and Biological Activity 


Loosely defned, a Z#ø is any substance other than food or water that 
affects how the body functions. A drug having therapeutic properties is also 
referred to as a ø2/e/ze. Drugs, some legal and others illegal, are also used 
for nonmedical purposes. Legal nonmedical drugs include alcohol, caffeine, 
and nicotine. Illegal nonmedical drugs include heroin and cocaine. 

There are a variety of ways to classify drugs. As Table 14.1 shows, the 
U.S. Drug Enforcement Agency (DEA) classiies them according to safety 
and social acceptability. Drugs found to be safest are designated over-the- 
counter (OTC) drugs, which means they may be bought without a prescrIp- 
tion. Prescription drugs are those that should be taken only under the super- 
vision ofa physician because of their strong potency or their potential for 
misuse or abuse. The DEA further classifies drugs according to abuse poten- 
tial, using the seØeZ/¿ sys/em shown in Table lá.1, 

Drugs may also be classiRed according to origin, as is done in Table 14.2. 
Drugs that are natural products come directly from terrestrial or marine 
plants or animals. Drugs that are chemical derivatives are natural products 
that have been chemically modifed to increase potency or decrease side 
cffects. Synthetic drugs are those that oripinate In the laboratory. 


U.S. Drug Enforcement Agency Classification of Drugs 


Classification 


Over-the-counter (OTC) drugs 
Permitted nonmedical drugs 
Prescription drugs 
Controlled substances 

Schedule † 

Schedule 2 

Schedule 3 


Description Examples 

Available to anyone Aspirin,cough medicines 

Available in food, beverages, and tobacco products Alcohol, caffeine, nicotine 

Require physician authorization Antibiotics, birth control pills 

No medical use, high abuse potential Heroin, LSD, mescaline, marijuana 

Some medical use, high abuse potential. Amphetamines, cocaine, morphine, codeine 


Prescription drugs, abuse potential Barbiturates, tranquilizers 


Table 14.2 


14.1 Drugs Are Classiied by Safety, Social Acceptability, Origin,and Biological Activity 


————.———————_——————=e—e=~—>——eee—=———ềễ——=ẽễễẽễẽỶẽỲÏŠẽỶŠỶ—“ẽẽŠẽẽ 


The Origin of Some Common Drugs 


Origin Drug Biological Effect 

Natural product Caffeine Nerve stimulant 
Reserpine Hypertension reducer 
Vincristine Anticancer agent 
Penicillin Antibiotic 
Morphine Analgesic 

Chemical derivative Prednisone Antirheumatic 

of natural product Ampicillin Antibiotic 
LSD Hallucinogenic 
Chloroquinine Antimalarial 


Ethynodiol diacetate 


Contraceptive 


Synthetic Valium Antidepressant 
Benadryl Antihistamine 
Allobarbital Sedative-hypnotic 
Phencyclidine Veterinary anesthetic 
Methadone Analgesic 


Perhaps the most common way to cÌassify drugs ¡is according to their 
primary biological effect, which is how they are presented in this chapter. 
Ít must be noted, however, that most drugs exhibit a broad spectrum of 
activity and therefore may fall under several classificatlons. Aspirin, for 
example, relieves pain, but ¡t also reduces fever and inammation, thins the 
blood, causes ringing in the cars, and may lead to Reye5 syndrome In chỉỈ- 
dren. Morphine relieves pain, but it aÌso constipates and suppresses the tirge 
to couph. 

At times, the multiple effects of a drug are desirable. Aspirins pain- 
reducing and fever-reducing properties work well together in treating Hu 
symptoms in adults, for instance, and its blood-thinning ability ¡s useful in 
the prevention of heart disease. Morphine was widely used during the 
American Civil War both for relieving the pain of battle wounds and for 
controlling diarrhea. Often, however, the side effects ofa drug are Ìess desir- 
able. Ringing in the ears, Reye5 syndrome, and upset stomach are a few of 
the negative side effects of aspirin, and a major side effect of morphine is 
its addictiveness. A main goal of drug research, therefore, ¡s to ñnd drugs 
that are specific ¡n their action and have minimal side effects. 

Although two drugs being taken together may have different primary 
activities, they may share a common secondary activity that can be amDli- 
Red when the two drugs are taken together. One drug enhancing the action 
of another ¡s called the synergistic effect, and a synergistic effect is often 
more powerful than the sum of the activities of the two drugs taken sepa- 
rately. One of the great challenges of physicians and pharmacists is keeping 
track of all the possible combinadons of drugs and potential synergistic 
effects. 

The synergism that results from mixing drugs that have the same pri- 
mary effect is particularly hazardous. For example, a moderate dose of a 
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sedative combined with a moderate amount of alcohol may be lethal. In 
fact, most drug overdoses are the result oŸ a combination of drugs rather 
than the abuse o£a single drug. 


Concept Check v 


Distinguish between a drug and a medicine. 


Was this Y0Uuf anSWeYF? A drug is any substance administered to affect body function. A medi- 
cine is any drug administered for its therapeutic effect. All medicines are drugs, but not all drugs are 
medicines. 


142 The Lock-and-Key Model Guides 
Chemisfs in Synthesizing New Drugs 


To ñnd new and more efective medicines, chemists use various models that 
describe how drugs work. By far, one of the most useful models of drug 
action ¡is the lock-and-key model. The basis of this model is that there 1s a 
connection between a drugs chemical structure and its biological effect. For 
example, morphine and all related pain-relieving opioids, such as codeine 
and heroin, have the T-shaped structure shown in Figure lá.1. 

According to the lock-and-key model, illustrated in Figure 14.2, bio- 
logically active molecules function by ftting into 7£c@/ø7 s//£§ on pTOteins 
¡n the body, where they are held by molecular attractions, such as hydrogen 
bonding. When a drug molecule fts into a receptor site the way a key fts 
into a lock, a particular biological event is triggered, such as a nerve 
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Figure 14.1 
All drugs that act like morphine have the same basic three-dimensional shape as morphine. 
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Drug molecule Figure 14.2 

(morphine) Many drugs act by fitting into receptor 
sites on molecules found ¡in the body, 
much as a key fits in a lock. 


Lock 


impulse, a change in the shape ofa protein, or even a chemical reaction. In 
order to Ít into a particular receptor site, however, a molecule must have 
the proper shape, Just as a key must have properly shaped notches in order 
to ft a lock. 

Another facet of this model ¡is that the molecular attractions holding a 
drug to a receptor site are easily broken. (Recall from Chapter 7 that most 
molecular attractions are many times weaker than chemical bonds.) A drug 
1s therefore held to a receptor site only temporarily. Cnce the drug Is re- 
movcd from the receptor site, body metabolism destroys the drugs chemi- 
cal structure and the effects of the drug are said to have worn off. 

Using this model, we can understand why some drugs are more potent 
than others. Heroin, for example, is a more potent pain killer than is mor- 
phine because the chemical structure of heroin allows for tighter and longer 
binding to Its receptOr sites. 

The lock-and-key model has developed into one of the central tenets 
of pharmaceutical study. Knowing the precise shape of a target receptor 
site allows chemists to destgn molecules that have an optimum Ít and a 
specific biological effect. 

Biochemical systems are so complex, however, that our knowledge 1s 
still limited, as ¡s our capacity to design effective medicinal drugs. Eor this 
reason, most new medicinal drugs are still discovered instead of designed. 
One important avenue for drug discovery is ethnobotany. Ấn £/øø/4ø/s£ 
is a researcher who learns about the medicinal plants used in indigenous 
cultures, such as the root of the Bobgunnua tree, shown in Eigure lá.3. 


Figure 14.3 

Ethnobotanists directed natural- 
products chemists to the yellow 
coating on the root of the African 
Bobgunnua tree. Indigenous people 
have known for many generations 
that this coating has medicinal prop- 
erties. From extracts of the coating, 
the chemists isolated a compound 
that ¡s highly effective in treating fun- 
gai infections. This compoungd, pro- 
duced by the tree to protect itself 
from root rot, shows much promise 
in the treatment of the opportunistic 
fungal infections that plague those 
suffering from AIDS. 
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Figure 14.4 

Originally isolated from the bark of the Pacific yew tree, 
Taxol is a complex natural product useful in the treatment 
of various forms of cancer. 


Taxol 


Today there are hundreds of clinically useful prescripdon drugs derived 
from plants. About three quarters of these came to the attention of the 
pharmaceutical industry as a result of their use in folk medicine. 

Another important method of drug discovery 1s the random screening 
of vast numbers of compounds. Each year, for example, the National Can- 
cer Ínstitute screens some 20,000 compounds for anticancer activity. Cne 
successful hit was the compound Taxol, shown in Eigure lá.á4. This com- 
pound has sipnifcant activity against several forms of cancer, especially 
OVarlan cancer. 

A drug isolated from a natural source is not necessarily better or more 
benign than one produced ¡in the laboratory. Aspirin, for example, is a 
human-made chemical derivative, and it ¡s certainly more benign than 
cocaine, which ¡s 100 percent natural. The main advantage of natural prod- 
ucts is their great Z72zs. Each year, more than 3000 new chemical com- 
pounds are discovered from plants. Many of these compoundbs are biologi- 
cally active, serving the plant as a chemical defense against disease or 
predators. Nicotine, for example, is a naturally occurring insecticide pro- 
duced by the tobacco plant to protect 1tself from insects. 

Ít has been estimarted that only 5000 plant specles have been studied 
exhaustively for possible medical applicatlons. This is a minor fraction o£ 
the estimated 250,000 to 300,000 plant species on our planet, most of 
which are located ¡n tropical rainforests. hat we know little or nothing 
about much of the plant kingdom has raisced Justtied and well-publicized 
concern, for as these forests are being destroyed, also being destroyed are 
species that mipht yield useful medicines. 

A recent laboratory approach intended to mimic natures chemical 
diversity is known as combinatorial chemistry and ¡s a method oÊ gener- 
ating a large “library” of related compounds. Combinatorial chemistry 
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Tỉny well or test tube 
in which reagents 
B and 4are mixed. 
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Figure 14.5 

(a) Eight hypothetical starting materials A through D and 1 through 4 can be combined in vari- 
ous ways to yield 16 products, each of which may have some biological activity not found in any 
of the starting materials. (b) A multitude of products are thus immediately available to be 
screened for medicinal activity. 


takes advantage of the many different ways in which a series of chemicals 
may be combined. Microquantities of reagents are combined in a grid so as 
to maximize the number of possible products, as ¡s 1llustrated in Figure 
14.5a. The result is a great number of closely related compounds that can 
be screened for biological activity. The most active derivatives are analyzed 
for chemical structure and then synthesized on a larger scale for further test- 
¡ng or clinical trials. A typical array 1s shown in Figure l4.5b. 


Concept Check v 


Why are organic chemicals so suitable for making drugs? 


Was this Yÿ0Uuf ânSW€F? Because their vast diversity permits the manufacture of the many 
different types of medicines needed to combat the many different types of illnesses humans are 


subject to. 


14.5 Chemotherapy Cures the Host by Killing the Disease 


The use of drugs that destroy disease-causing agents without destroying the 
animal host is known as chemotherapy. This approach ¡s effective ¡n the 
treatment of many diseases, including bacterial infections, viral infectons, 
and cancer. It works by taking advantage of the ways a disease-causing 
agent, also known as a ØZ/06/7, 1$ different from a host. 
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Bacterial enzyme 


Sulfa Drugs and Antibiotics Treat Bacterial Infections 


Sifz drwgs are synthetic drugs frst used to treat bacterial infections in the 
1930s. They work by taking advantage of a striking difference between 
humans and bacteria—even though both must have the nutrient folic acid 
in order to remain healthy, we humans can absorb folic acid from what we 
cat, but bacteria cannot. Instead, bacteria must make their own supply of 
folic acid. For this, they possess enzymes that help make folic acid from a 
simpler molecule found in all bacteria, para-aminobenzoic acid (PABA). The 
PABA attaches to its specific receptor site on the bacterial enzyme and ¡s 
converted to folic acid, as shown in Figure 14.6. 


Several steps 


Folic acid 


Figure 14.6 
Bacterial enzymes use para-aminobenzoic acid (PABA) to synthesize folic acid. 


Sulfa drugs have a close structural resemblance to PABA. WWhen taken 
by a person suffering from a bacterial infection, a sulfa drug is transformed 
by the body to the compound s/27/2zz7£, which attaches to the bacter- 
laÌl receptor sites desipgned for PABA, as shown in Eigure 14.7, thereby 
prevenring the synthesis of folic acid. Without folic acid, the bacteria soon 
dịc. The patlent, however, because he or she receives folic acid from the 
diet, lives on. 

AøzzÐ7ot/cs ate chemicals that prevent the growth of bacteria. They are 
produced by such microorganisms as molds, other fungi, and even bacteria. 
'The first antibiotic discovered was penicillin. Many derivatives of penicillin, 
such as the penicillin G shown in Eigure 14.8, have since been isolated from 
microorganisms as well as prepared ¡in the laboratory. Penicillins and the 
closely related compounds known as cephalosporins, also shown in Eigure 
14.8, kill bacteria by inactivating an enzyme responsible for strengthening 
the bacterial cell wall. Ñ/ithout this enzyme, bacterial cell walls grow weak 
and the cells eventually burst. 


14.3 Chemotherapy Cures the Host By Killing the Disease 459 


l@) Figure 14.7 
BE | In the body all sulfa drugs are metabo- 
N si lized to sulfanilamide, which binds to 
8 Ï 2 the bacterial enzymes and keeps them 
H Ö from doing their job. 
ï‹ 
Z 
H No folic acid; 
bacteria die 


PABA 


Bacterial enzyme 


Figure 14.8 

Penicillins, such as penicillin G, and 
cephalosporins, such as cephalexin, 
as well as most other antibiotics, 
are produced by microorganisms 
that can be mass-produced in large 
vats. [he antibiotics are then har- 
vested and purified. 


Penicillin G Cephalexin 


Concept Check v 


How is sulfanilamide poisonous to bacteria but not to humans? 


Was this Y0UuF answer? sulfanilamide is poisonous to bacteria because it prevents them from 
synthesizing the folic acid they need to survive. Humans utilize folic acid from their diet, and so they 


are not bothered by sulfanilamide*s ability to disrupt the synthesis of folic acid. 
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Nucleic acids 


Figure 14.9 

Viruses are much smaller than bacteria 
and many times smaller than animai 
cells. (Notice the small dot represent- 
ing the virus.) The smallest of all 
pathogens, viruses consist mostly of 
nucleic acids enclosed in a protein 
COat. 
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Chemotherapy Can Inhibit the Ability of Viruses to Replicate 


So far, chemotherapy has been more successful in treating bacterial infec- 
tions than in treating viral infections. Perhaps the greatest obstacle to effec- 
tive viral treatment lies in the nature of viruses. When not attached to a 
host, a virus is an inert, lifless bundle of biomolecules—and ¡ts difficult to 
kill something thats not alivel A typical virus, shown In Figure 14.9, con- 
sists of only one or several strands of either RNA or DNA encapsulated by a 
protein coat. Some viruses infect by attaching to a cell and then injecting 
their genetic contents into the cell. Once inside the cell, the viruss genetic 
information is incorporated into the host DNA and replicated by the host 
cell. Eventually, the cell bursts because it is overstuffed with a multitude of 
viral replicates, which then spread tơ infect other host cells. 

The most common antiviral drugs are derivatives of 7e/zøsz2s, which 
are similar to nucleotides (Section 13.5) but do not have a phosphate 
group. Nucleosides roam freely in all cells and are used by the cells to cre- 
ate RNA or DNA. Before being used, however, the nucleosides must first be 
primed with three phosphate groups, as shown ¡in Figure 14.10. Various 
synthetic derivatives of nucleosides are readily primed by virus-infected 
cells but not by uninfected cells. Iwo synthetic nucleoside derivatives, 
both shown in FEigure 14.11, are acyclovir, sold under the trade name 
Zovirax, and zidovudine, sold under the trade name AZT. Once incorpo- 
rated in the RNA or DNA of a virus-infected host cell, these nucleoside 
derivatives disrupt protein synthesis, and the infected cell dies before repli- 
cating the virus. Proliferation of the virus, though not halted, ¡s thus 
brought under control. 

Acyclovir is useful in the treatment of herpes. Oral herpes ¡s caused 
by the herpes simplex virus 1 (HSV-1), and genital herpes is caused by the 
herpes simplex virus 2 (HSV-2). More than 90 percent of the world's pop- 
ulation ¡s infected with the oral herpes virus, though there are many 
infected people who do not exhibit symptoms. Genital herpes ¡is the most 
prevalent noncurable sexually transmitted disease. [n the Ủnited States, 
there are about 30 million people infected with HSV-2 and an estimated 
200,000 to 500,000 new cases cach year. 
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Figure 14.10 


Before a nucleoside, sụch as guanosine, can be incorporated ìnto RNA or DNA, it must be acti- 
vated by having three phosphate groups attached to it. 


Nucleoside 
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Nucleoside derivative Figure 14.11 
Acyclovir (Zovirax) is a derivative 
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Zidovudine ¡s used to suppress the replication of the human Immu- 
nodefciency virus (HIV), which ¡s responsible for aquired Iimmune def- 
ciency syndrome, AIDS (Figure 14.12). According to the World Health 
Organization, by the beginning o£2000 more than 34 million people were 
infcted with HIV and about 19 million people around the world had 
already lost their lives to AIDS. 


RNA 
Core 
Enzyme 


Virus cell 
membrane 


Protein 


Figure 14.12 
(a) The small green bodies covering this white blood cell are human immunodeficiency viruses. 


(b) The anatomy of HIV. After the initial infection, the infected person immune response elimi- 
nates most of the virus. Some of the virus, however, remains dormant in infected cells and 
evades the immune response. Over a period of years, HIV reactivates itself, the immune system 
collapses, and the person succumbs to opportunistic diseases, such as cancer or pneumonia. 


O 
H H of the nucleoside deoxyguanosine, 
N ` N ” and zidovudine (AZT) is a derivative 
ớ | N ớ | N of the nucleoside deoxythymidine. 
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HIV research has led to a new class of antiviral agents known as 
protease ibibizos. The life cycle oŸ many viruses, including HIV, depends 
on the actions ofenzymes known as proteases, which break down proteins. 
A protease, for example, might be used by a virus to penetrate the proteins 
on the cell membrane ofa host cell or to break down the hosts polypep- 
tides to create a supply of amino acids necessary for viral replication. 
Drugs that block the action of proteases control viral proliferation. Ân 
example ofan effective protease inhibitor is nelfinavir, sold under the trade 
name Viracept and shown ¡in Figure 14.13. Patients receiving a “cocktail 
of a protease inhibitor and nucleoside antiviral agents may have their HIV 
count brought below detectable levels. Thouph ¡t is unlikely that this reg- 
imen can torally eliminate HIV from the body, the highly reduced viral 
counts tend to significantly delay the onset of AIDS and reduce the 
patients infectiousness to others. 
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Nelfinavir (Viracept) 


Figure 14.13 
The protease inhibitor nelfinavir. 


Concept Check v 


A virus is so mụch simpler than a bacterium. Why then are viruses so much 
more difficult to target with chemotherapeutics? 


Was this Y0UF âfISW€FT? Chemotherapeutics act by interfering with one or more of the chemical 
reactions a pathogen needs in order to exist. The more complex a pathogen, the more ways there are to 
interfere with its life cycle. That viruses are so simple means we have few avenues for a chemotherapeu- 
tỉc approach. 


Cancer Chemotherapy Attacks Rapidly Growing Cells 


Cells periodically lose the ability to control their own growth and begin 
multiplying rapidly. Normally, these renegade cells are recognized by the 
Immune system and destroyed. Qccasionally, however, they escape this line 
of defense and continue to multiply unchecked. The result is a hard mass 
of tissue, called a zøz, that deprives healthy cells of oxygen and nutrients. 
Cells from a tumor may break away and be carried to other sites in the 
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body, where they lodge and continue to multiply, forming additional 
tumors. Ãs tumors multiply, more and more healthy cells suffer and even- 
tually die. Ultimately, the whole body may die. This ¡s cancer, the second 
leading cause of death in most developed nations. At present mortality 
rates, one in six of us will die of this disease. 

Cancer is actually not a sinple disease but rather a group of many differ- 
ent kinds of disease, cach having its own behavior and its own susceptibility 
to treatment. While some cancers respond to chemotherapy alone, most 
require a combination of chemotherapy, radiation therapy, and surgery. 

Chemotherapy is most effective at the early stages of cancer because 
drugs work best on cells that are ¡n the process of dividing, a process called 
cellular 2t6s/s, shown 1n Figure 14.14. When a tumor is young, most 0Ÿ its 
cells are undergoing mitosis. As the tumor ages, however, the fraction of 
cells in this growth phase decreases, and so drug sensitivity is reduced. 
Drugs also have a difcult time destroying all the cells in a large tumor. Â 
100-gram tumor, for example, may contain about 100 billion cells. Kiling 
99.9 percent of these cells would still leave 100 million cells——too many for 
the patients Immune response to control. The same treatment against a 20- 
milligram tumor containing about a million cells would leave only about 
1000 cells, which can be controlled by the immune system. Survival rates 
from cancer are therefore greatÌy increased by early diagnosis. Hence, you 
are advised to keep close watch over your body for unusual signs and sched- 
ule regular checkups with your physician. 


Parent cell with single set Duplicated chromosomes Daughter cells 
of chromosomes 


Figure 14.14 
During cellular mitosis, DNA and certain cellular proteins bundle together into chromosomes, 


which are visible under a microscope. These chromosomes duplicate themselves and then 
divide evenly into two separate cells called daughter cells. 


Unfortunately, cancerous cells are not the only cells in the body that 
divide. Normal cells divide periodically, and some types of cells, such as 
those in the gastrointestinal tract and in hair follicles, are always in a state of 
cellular division. As a consequence; cancer chemotherapeutics are noted for 
their toxicity, with patients undergoing treatmens Often experlencing øas- 
trointestinal problems and haïr loss. 

DNA ¡s the target of many anticancer compounds because during 
cellular mitosis strands oŸ DNA are unwound and therefore susceptible to 
chemical attack. Á variety of chemicals may be used to selectively kill cells 


464 Chapter 14 The Chemistry of Drugs 


Figure 14.15 
These anticancer agents all kill dividing 
cells by targeting the cells” DNA. 


Ì 
N 
. 
"Si O@ 
v bi GD 6, À/ 
bit AM... lất 
F H L mì 
O CH;CH;CI HN NH¿ 
5-Fluorouracil Cyclophosphamide Cisplatin 


that are in the process of dividing. The compound 5-fuorouracil, for exam- 
ple, shown in Figure 14.15, is mistaken by a cell for the nucleotide base 
uracil. nce ¡incorporated ¡nto the DNA of the cancerous cell, 5-Huo- 
rouracils non-nucleotide structure interferes with the normal DNA work- 
ings, and the cell dies. Harsher agents, such as cyclophosphamide and cis- 
platin, also shown ¡in Eigure 14.15, destroy DNAS ability to function by 
chemically bonding to the DNA or by cross-linking the two strands of the 
double helix. 

Some anticancer drugs kil cancerous cells without acting on DNA. Cer- 
tain alkaloids, such as vincristine, shown in Figure 14.16, and Taxol, kil 
dividing cells by preventing the formation o£cellular microstructures needed 
for division. 


Vincristine 


Figure 14.16 
Vincristine is a naturally occurring alkaloid that has significant anticancer activity. It is isolated 


from a plant closely related to the periwinkle,a common ornamental plant of tropical and tem- 
perate reglons. 


14.4 Some Drugs Either Block or Mimic Pregnancy 


cÁs another point of attack, cancerous cells have híph metabolic rates, 
which means they rely heavily on biochemical nutrients, such as the dihy- 
drofolic acid shown in Figure 14.17. The anticancer agent methotrexate is 
structurally very similar to dihydrofolic acid and works by binding to dihy- 
drofolic acid receptor sites in the cancerous cells, thereby interfering with 
metabolic reactions ¡n the cells. 


H Dihydrofolic acid 


Methotrexate 


Figure 14.17 
Methotrexate disturbs the metabolism of cancerous cells by substituting for dihydrofolic acid 
at dihydrofolic acid receptor sites. 


Cancer chemotherapy combined with radiation therapy and/or surgery 
can be effective in restraining or even curing many forms of cancer. Ás our 
understanding of cellular mechanics continues to grow, so wilÏ our ability 
to increase the overall survival rates Of cancer patients. 


14.4 Some Drugs Either Block or Mimic Pregnancy 


In the 1930s, it was found that injected doses of the hormone progesterone 
maintain a state of false pregnancy during which a woman does not ovulate 
and therefore cannot conceive. Oral administration of progesterone does 
not have the same effect because the progesterone is quickly broken down 
by the digestive system. In the early 1250s, chemists developed compounds 
that were very similar to progesterone but retained their birth control prop- 
erties when taken orally. The frst birth control pilÏ was marketed ¡in 1960 
and contained the progesterone mifnicker norethynodrcÏ as welÏ as an estrO- 
gen derivative, mestranol, to help regulate the menstrual cycle. Many other 
derivatives of progesterone and estrogen have since been formulated ¡into 
birth control pills, whích are about 2 percent effective at preventing preg- 
nancy. Table 14.3 on page 466 iÏÏustrates some drugs used for birth control. 
Today, more than 60 million women worldwide use birth control pIlls. 
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Table 14.3 


Drugs for Birth Control 


Drug 


Norethynodrel 


Mifepristone 


Nonoxynol-9 


Structure 


".. .. .“ố 


Action 


C OH Mimics progesterone 


Blocks progesterone 


Kills sperm 


HO O O _ 
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Progesterone derivatives that block rather than mimic the action of 
progesterone are also effective as a form of birth control. Progesterone 1s 
vital to maintaining a prepnancy. Without it, or when Its actIVity 
is blocked, the lining of the uterus ¡s slouphed away, along with any 
fertilized ovum bound to the lining. A most cffective progesterone 
blocker currently available 1s mifepristone, also known as RU-486. A con- 
troversy surrounding mifepristone ¡1s that, rather than preventing fertil- 
1zation, It prevents a fertilized ovum from establishing ¡tselfin the uterus. 
Those who view a fertilized ovum as a human life tend to be opposed to 
the use o£ mifepristone. Those who differentiate between a fertilized 
ovum and a developing fetus, on the other hand, are more likely to 
2PPrOve Of Its use. 

Birth control may also involve a spermicide, such as the nonoxynol-9 
shown in Table 14.3. When used in conjunction with a barrier device, such 
as a condom or a cervical diaphragm, spermicides can be close to 95 per- 
cent effective at preventing pregnancy. 

Bírth control can also be achieved by causing a drop in a mans 
sperm count. This can be done by injecting testosterone, which at hiph 
blood levels inhibits the production of sperm. Recent advances haye 
provided derivatives of testosterone that may be taken orally. Such male 
birth control pills have been shown to lower the sperm count in semen 
trom normal values of about 100 million sperm per milliliter to less than ' 
3 million sperm per milliliter, which is considered a very low concentra- 
tion. Taken correctly, these pills are about as effective at preventing preg- 


nancy as female birth control pills. Their long-term effects are still being 
studied. 
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14.5. The Nervous System Is a Network of Neurons 


Many drugs function by affecting the nervous system. To understand how 
these drugs work, it is important to know the basic structure and functions 
of the nervous system. 

Thoughts, physical actions, and sensory input all involve the transmis- 
sion of electrical signals through the body. The conduit for these signals is 
a network of neurons, which are specialized cells capable of sending elec- 
trical impulses. First, in what ¡s called the Zz#/ø ø2sé, a neuron primes 
Itself for an impulse by ejecting sodium ions, as shown in Figure 14.18a. 
More sodium lons outside the neuron than inside creates a separation of 
charge. And a separation of charge gives rise to an electric potential of 
around —70 millivolts across the cell membrane. As shown ¡n Figure 
14.18b, a nerve impulse is a reversal in this electric potential that travels 
down the length of the neuron to the s2//7c #erz⁄42b. The reversal of the 
electric potential in an impulse occurs as sodium lons flush back into the 
neuron. 


Cell nucleus 


Impulse direction 


Synaptic terminals 


Neuron 
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lon channel 
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Resting phase (negative electric potential) 
(a) (b) 


Figure 14.18 c 
(a) The resting phase of a neuron maintains a greater concentratlon of sodium ions outside 


the cell. This results in a voltage of about —70 millivolts across the cell membrane. (b) In the 
impulse phase, sodium ions flush back into the cell to give a voltage of about +30 millivolts 


across the cell nembrane. 
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Figure 14.19 
The passage of neurotransmitters 
across a synaptic cleft. 


Aer the impulse passes a given point along the neuron, the ccll again 
ejects sodium ions at that point to re-establish the original distribution of 
ions and the potential oŸ —70 millivolts. 

Unlike the wires in an electric circuit, most neurons are not physically 
connected to one another. Nor are they connected to the muscles or glands 
on which they act. Rather, as Figure 14.19 shows, they are separated from 
one another or from a muscle or gland by a narrow gap known as the 
synaptic cÏeft. 
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In the synaptic terminal of every neuron are bubble-like compartments 
called øesse. A nerve impulse reaching a synaptic cleft causes these vesseÌs to 
release neurotransmitters Into the cleft. Neurotransmitters are organic 
compounds that are released by a neuron and are capable of activating recep- 
tOF SILS. 

A neurotransmitter, once released into the synaptic cleft, miprates across 
the cleft to receptor sites on the opposite side. If the receptor sites are 
located on a ØØ9/9#20//c ?2e/røn, as shown 1n Figure 14.19, the binding of 
the neurotransmitter may start a nerve Impulse in that neuron. [£ the recep- 
tor sites are located on a muscle or organ, then binding of the neurotrans- 
mitter may start a body response, such as muscle contraction or the release 
of hormones. 

Two important cÌasses of neurons are s/7¿s 7zøøsand_. Both types are 
always firing, but In times of stress, as when facing an angry bear or giving 
a speech, the stress neurons are more active than the maintenance neurons. 
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Thịs condition 1s the /ø#/-ør-ƒl;øbr response, during which fear causes stress 
ncurons to trigger rapid physiological changes to help defend against 
impending danger: the mind becomes alert, air passages in the nose and 
lungs open to bring in more oxygen, the heart beats faster to spread the 
oxygenatcd blood throughout the body, and nonessential activities such as 
digestlon are temporarily stopped. In times of relaxation, such as sitting 
down ¡n front of the relevision with a bowl of potato chips, the mainte- 
nance neurons are more active than the stress neurons. Under these condi- 
tions, digestive juices are secreted, intestinal muscles push food through the 


gut, the pupils constrict to sharpen vision, and the heart puÌses at a mini- 
mail rate. 


Concept Check v 


What is a neurotransmitter? 


Was this VOUFT aRSWF? A neurotransmitter is a small organic molecule released by a neuron into 
a synaptic cleft. lt influences neighboring tissue, such as the postsynaptic membrane of a neuron on the 
opposite side of the cleft, by binding to receptor sỉtes. 


Hands-On Chemistry: Diffusing Neurons 


Nerve impulses can travel in a neuron at speeds of up to 100 meters per sec- 
ond (250 miles per hour!), but neurotransmitters travel across the synaptic cleft 
at only about 105 meter per second. One of the reasons for this comparative 
slowness is the process that moves the neurotransmitters across the synaptic 
cleft. Once the neurotransmitters are released into the cleft, they are prodded 
to the other side merely by the random bumping of jiggling molecules in the 
cleft—a process known as điffusion. 

Recall from Section 1.6 that molecules slow down with decreasing 
temperature. The effect of temperature on diffusion can be readily seen by 
adding food coloring to water. 


What You Need 


Food coloring, three drinking glasses, ice-cold water, warm water, hot water 


Procedure 


() Fillone glass with the ice-cold water,one with the warm water,and one 
with the hot water. Allow the glasses of water to stand for a couple of 
minutes so that the water is perfectly still. 


@) Add a drop of food coloring to each glass. The drop will sink to the bot- 
tom and then begin to diffuse. Observe how long it takes until the 
water is uniformly colored. 
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OH Neurotransmitters Include Norepinephrine, 
HO NH;ạ Acetylcholine, Dopamine, Serotonin, and GABA 
On the chemical level, stress and maintenance neurons can be distinguished 
by the types of neurotransmitters they use. The primary neurotransmitter 
Si for stress neurons is 7ø7Ø/2/#z/z, and the primary neurotransmitter for 
DSSỀRECPPHT HS maintenance neurons is Ze£#/ðøzze, both shown in Figure 14.20. Às we 
shall see in the following sections, many drugs function by altering the baÏ- 
ance of stress and maintenance neuron actIVIty. 
II... -.. In addition to norepinephrine and acetylcholine, a host of other neu- 
ni . hộ "-.. TOtransmitt€rs contribute to a broad range of efects. Thrce cxamples are the 
: 3 neurotransmitters dopamine, gamma aminobutyric acid, and serotonin, all 
BGSDIRSLDBDHDC shown In Figure 14.21. 
Figure 14.20 -_ Dap47ine plays a signifcant role in activating the brains reward C€TI€T, 
The chemical structures of the stress which ¡s located ¡n the hypothalamus, an area at the lower middle of the 
neurotransmitter norepinephrine and brain, as illustrated in Figure 14.22. The hypothalamus ¡s the main control 


the maintenance neurotransmitter 


center for emotional response and behavior. Stimulation of the reward cen- 
acetylcholine. 


ter by dopamine results in a pleasurable sense of z⁄ø;øzzz, which 1s an exag~ 
gerated sense of well-being. 
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Figure 14.21 
The chemical structures of three important neurotransmitters. 


The control of physical responses ulttimately allows us to per- 
form such complex tasks as driving a car or playing the piano. 
The control oF emotional responses allows us to reRne our 
behavior, such as overcoming anxiety in tense social 
interactions or remaining calm in an emergency. 

The brain controls both physical and emotional 

responses by ¡nhibiting the transmission of 

Cerebellum nerve Impulses. [he neurotransmitter responsi- 

ble for this inhibitlon——ø 2zwnoPuffc 

2c (GABA)—Is #e major inhibitory neuro- 

Spinal cord transmitter of the brain. Without it, coordi- 
nated movements and emotonal skills would 

not be possible. ị 

S£røføzZ? 1s another neurotransmitter used by 

the brain to block unneeded nerve impulses. To make sense 

Figure 14.22 of the world, the frontal lobes of the brain selectively block out a multi- 

The human brain. tude of signals coming from the lower brain and from parts of the nervous 


Frontal lobe 


Hypothalamus 
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system. ÑW€ are not born with this ability to selectively block out informa- 
tion. Ín order to have an appropriate focus on the world, newborns must 
learn from experience which lights, sounds, smells, and feelings outside and 
inside their bodies must be dampened. A healthy, mature brain is one in 
which serotonin successfully suppresses lower-brain nerve signals. Informa- 
tion that does make it to the higher brain can then be sorted efficiently. 

Drugs that modify the action of serotonin alter the brains ability to sort 
Information, and this alters perception. LSD is one such drug. While hallu- 
cinating, an LSD user rarely sees something that isnt there. Rather, the user 
has an altered perception of something that does exist. 


Concept Check v 


Match the neurotransmitter to its primary function: 
norepinephrine a. inhibits nerve transmission 


_—— acetylcholine b. stimulates reward center 

_—_ dopamine c. selectively blocks nerve impulses 
_ —_ Serotonin d. maintains stressed state 

_ —_GABA e. maintains relaxed state 


Were these your answers? d,e,b,c,a. 


14.6  Psychoactive Drugs Alter the Mind or Behavior 


Any drug affecting the mind or behavior is classtied as psychoactive. 
In this section we focus on three cÏasses of psychoactive druøs: stimulants, 
hallucinogens, and depressants. 


Stimulants Activate the Stress Neurons 


By enhancing the intensity of our reactions to stimuli, s/72/z/s cause brief 
periods of heightened awareness, quick thinking, and elevated mood. Four 
widely recognized stimulants are amphetamines, cocaine, caffeine, and 
nICOtIne. 

Ampbetazmines are a family of smulants that include the parent com- 
pound z2///2z£ (also known as “speed”) and such derivatives as 
methamphetamine and pseudoephedrine. Âs you can see by comparing 
Figure 14.23 on page 472 with Figures 14.20 and 14.21, these drugs are 
structurally similar to the neurotransmitters norepinephrine and dopamine. 
As mipht be expected, amphetamines bind to receptor sites for these neu- 
rotransmitters, thereby mimicking many of their effects, including the 
fight-or-flight response and the ability to give 4 person a sense of euphoria. 

Amphetamines not only mimic the action of norepinephrine and 
dopamine; they also boost the levels oF these ñ€UTOtransmitters In a synap- 
tíc cleft by blocking their removal. Normally, neurotransmitters are reab- 
sorbed by presynaptic neurons after they have exerted their effect on POst- 
synaptic receptor sites. Phis process, commonly called n€urotransmitter 
re-uptake and ¡llustrated ¡n Figure 14.24 on page 472, is the body way of 
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Figure 14.23 


Amphetamines are a family of compounds structurally related to the neurotransmitters 
norepinephrine and dopamine. 


recycling neurotransmitters, molecules that are dificult to synthesize. Spe- 
cial membrane-embedded proteins are required to pull once-used neuro- 
transmitter molecules back Into a presynaptic neuron. Amphetamines Inac- 
tivate norepinephrine and dopamine re-uptake proteins by binding to 
them. As a consequence, the concentration of these stimulating neuro- 
transmitters in the synaptic cleft ¡s maintained at a higher-than-normal 
level. 

The stimulating and mood-altering effects of amphetamines give them 
a hịph abuse potential. Side effects include insomnia, irritability, loss of 
appetite, and paranoia. Amphetamines take a particularly hard toll on the 
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heart. Hyperactive heart muscles are prone to tearing. Subsequent scarring 
Of tissue ultimately leads to a weaker heart. Furthermore, amphetamines 
cause bÌood vessels to constrict and blood pressure to rise, conditions that 
Increase the likelihood of heart attack or stroke. 

Drug addiction ¡s not completely understood, but scientists do know 
that it involves both physical and psychological dependence. Physical 
dependenee ¡s the necd to continue taking the drug to avoid withdrawal 
symptoms, which for amphetamines include depression, fatigue, and a 
strong desire to eat. Psychological dependence ¡is the czZ2/⁄ø to continue 
drug use. This craving may be the most serious and deep-rooted aspect of 
addiction in that it can persist even after withdrawal from physical depen- 
dence, frequently leading to renewed drug-seeking behavior. 

One of the more notorious and abused stimulants is eø2/2Z¿, a natural 
product ¡solated from the South American coca plant, shown ¡in Figure 
14.25. Once in the bloodstream, cocaine produces a sense of euphoria and 
Increased stamina. Ít ¡s also a powerful local anesthetic when applied topically. 
Within a few decades of Its frst isolation from plant material in 1860, cocaine 
was used as a local anesthetic for eye surgery and dentistry—a practice that 
stopped once safer local anesthetics were discovered ¡n the early 1900s. 


Cocaine 


Cocaine and amphetamines share a similar profile of addictiveness, 
though cocaines addictive properties are more intense. The cocaine that 1s 
inhaled nasally is the hydrochloride salt. The free-base form of cocaine, called 
crack cocaine, is also abused. As with the street drug “tce,” which ¡s the frec- 
base form of methamphetamine, crack cocaine is volatile and may be smoked 
for what is an intense but profoundly dangerous and addictive híph. 

Amphetamines and cocaine work the same way in the body, but cocaine 
¡s mụch more vigorous at blocking the re-uptake of dopamine. [ow cocaine 


Figure 14.25 

The South American coca plant has 
been used by indigenous cultures for 
many years in religious ceremonies 
and as an aid to staying awake on 
long hunting trips. Leaves are either 
chewed or ground to a powder that 
is inhaled nasally. 
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đ) High levels of dopamine remain active 
in the synaptic cleft as cocaine blocks 
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cocaines euphoric effect. 
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user experiences extreme depression. 
Figure 14.26 
Cocaine affects dopamine levels in the synaptic clefts of the brains reward center. 


works is illustrated in Figure 14.26. The great buildup of dopamine in synap- 
tic clefts in the brains reward center is the source of cocaines euphoric effect. 
As cocaine keeps dopamine from being reabsorbed by the presynaptic neu- 
ron, the dopamine remains active in the synaptic cleft, and as a result the 
reward center stays stimulated. This euphoric state is onÏy temporary, how- 
ever, because enzymes ¡n the cleft metabolize, and hence deactivate, the 
dopamine. ©nce the cocaine is metabolized by enzymes, dopamine re-uptake 
is again permitted. By this time, however, there is very little dopamine in the 
cleft to be reabsorbed. Nor ¡s there an adequate supply of dopamine ¡n 
the presynaptic neuron, which is unable to make sufficient quantitles of 
dopamine without the recycling process. The net result is a depleton of 
dopamine that causes severe depression. 

Long-term cocaine or amphetamine abuse leads to a deterioratlon of 
the nervous system. he body recognizes the excessive stimulatory actions 
produced by these drugs. To deal with the overstimulation, the body cre- 
ates more depressant receptor sites for neurotransmitters that inhibit nerve 
transmission. A tolerance for the drugs therefore develops. Lhen, to receive 
the same stimulatory effect, the abuser is forced to increase the dose, which 
induces the body to create even more depressant receptor sites. [he end 
result over the long term is that the abusers natural levels of dopamine and 
norepinephrine are insufficlent to compensate for the excessive number o£ 
depressant sites. Lasting personality changes are thus often observed. 


Concept Check v 


What are two ways in which amphetamines and cocaine exert their 
effects? 
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Was this Y0ur answer? Amphetamines and cocaine in the synaptic cleft both mimic the action of 
neurotransmitters. They also block the re-uptake of neurotransmitters, which results in an increase 
In the concentration of neurotransmitters ¡n the cleft. The main action of amphetamines is their 


mimicking of neurotransmitters, whereas the main action of cocaine is the blocking of neurotransmitter 
re-uptake. 


Ä mụch milder and legal stimulant is ez/ÏZ7e, depicted in Figure 14.27. 
A number of mechanisms have been proposed for caffeines sumulatory 
cffects. Perhaps the most straightforward mechanism is that caffeine facili- 
tates the release of norepinephrine into synaptic clefts. Caffeine also exerts 
many other effects on the body, such as dilation of arteries, relaxation of 
bronchial and gastrointestinal muscles, diuretic action on the kidneys, and 
stimulation of stomach-acid secretion. 

The caffeine we ingest comes from various natural sources, including 
coffee beans, teas, kolanuts, and cocoa beans. Kolanut extracts are used for 
making cola drinks, and cocoa beans (not to be confused with the cocaine- 
producing coca plant) are roasted and then ground to a paste used for 
making chocolate. Caffeine ¡s relatively easy to remove from these natural 
Products using high-pressure carbon dioxide, which selectively dissolves 
the caffeine. This allows for the economical production of “decaffeinated” 
beverages, many of which, however, still contain small amounts of ca£- 
feine. Interestinply, cola drink manufacturers use decaffeinated kolanut 
extract in their beverages. The caffeine is added in a separate step to guar- 
antee a particular caffeine concentration. In the United States, about two 
million pounds of caffeine ¡s added to soft drinks cach year. Table 14.4 
shows the caffeine content of various commercial products. For compari- 
son, the maximum daily dose of caffeine tolerable by most adults is about 
1500 milligrams. 


Table 14.4 


Approximate Caffeine Content of Various Products 


Product Caffeine Content 
Brewed coffee 100-150 mg/cup 
lnstant coffee 50-100 mg/cup 
Decaffeinated coffee 2-10 mg/cup 
Black tea 50-150 mg/cup 
Cola drink 35-55 mg/12 oz 
Chocolate bar 1-2 mg/oz 
Over-the-counter stimulant 100 mg/dose 
Over-the-counter analgesic 30-60 mg/dose 


Another legal, but far more toxic, stimulant is 7//ø/2ze. As noted carlier, 
tobacco plants produce nicotine as a chemical defense against insects. Thịs 
compound is so potent that a lethal dose in humans is only about 60 mil- 
ligrams. A single cigarette may contain up to 5 milligrams of nicotine. Most 
of it is destroyed by the heat of the burning embers, however, so that Ìess 
than 1 milligram is typically inhaled by the smoker. 
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Figure 14.27 
A coffee plant with its ripening 
caffeine-containing beans. 
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Figure 14.28 

Nicotine is able to bind to receptor 
sites for acetylcholine because of 
structural similarities. 
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Nicotine and the neurotransmitter acetylcholine, which acts on main- 
tenance neurons, have similar structures, as Figure 14.28 illustrates.  Nico- 
tine molecules are therefore able to bind tọ acetylcholine receptor sites and 
trigger many of acetylcholines effects, including relaxation and increased 
digestion, which explains the tendency of smokers to smoke after eating 
meals. In addition, acetylcholine is used for muscle contraction, and so the 
smoker may also cxperience some muscle stimulation immediately after 
smoking. After these initial responses, however, nicotine molecules remain 
inertly bound to the acetylcholine receptor sites, thereby blocking acetyl- 
choline molecules from binding. The result is that the activity o£ these neu- 
rons is depressed. 

Recall that maintenance neurons and stress neurons are both always 
working. Thus inhibiting the activity oŸ one type increases the activity of 
the other type. So, as nicotine depresses the maintenance neurons, it favors 
the stress neurons, thereby raising the smokers blood pressure and stressing 
the heart. 

Úp in the brain, nicotine effects the stress system directly by enhancing 
the release of stress neurotransmitters, such as norepinephrine. Nicotine also 
increases the levels of dopamine ¡n the reward center. Furthermore, when 
inhaled, nicotine is a fast-acting drug. All of these factors give nicotine a hiph 
level of addictiveness. Animal studies show inhaled nicotine to be about six 
times more addictive than injected heroin. Because nicotine leaves the body 
quickly, withdrawal symptoms begin about 1 hour after a cigarette is smoked, 
which means the smoker is Inclined to lipht up frequently. 

Figure 14.29 shows what a smokers lungs look like after years of smok- 
ing. In the United States, about 450,000 individuals die cach year from 
such tobacco-related health problems as emphysema, heart failure, and var- 
ious forms of cancer, especially lung cancer, which ¡is brought on primarily 
by tobaccoS tar component. Some relieffrom the addiction can be obtained 
with nicotine chewing gum and nicotine skin patches. In order for any 
method to be effective, however, the smoker must frst genuinely desire to 
quit smoking. 


Concept Check v 


Caffeine and nicotine both add stress to the nervous system, but they do 
so by different means. Briefly describe the difference. 


Was this Y0UFT ânSW€F? caffeine stimulates the release of the stress neurotransmitter norepi- 
nephrine,and nicotine both depresses the action of the maintenance neurotransmitter acetylcholine and 
enhances the release of norepinephrine. 
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Figure 14.29 
The path of tobacco from the field to a smoker“s lungs. About 46 million Americans smoke 
despite an awareness of the dangers of this habit. 


Hallucinogens and Cannabinoids Alter Perceptions 


A ðalluciz»ogen, also known as a øsyeÖeZele, is any drug that can alter visual 
perceptions and skew the users sense of time. Hallucinogens have a pro- 
nounced efect on moods, thought patterns, and behavior. Two main cate- 
gories of hallucinogens are represented by the compounds lysergic acid 
diethylamide (LSD) and mescaline. A closely related category of drugs ¡s the 
cannabinoidk, the psychoactive components oŸ marijuana. Cannabinoids do 
not alter visual perceptions and so are not true hallucinogens. Phey are sim- 
ilar to hallucinogens in other regards, however, such as in their ability to 
alter our sense of time. 

LSD is the prototypic hallucinogen. Its molecular structure, shown In 
Figure 14.30 on page 478, is very sỉmilar to that of serotonin, and this sim- 
ilarity permits LSD to activate serotonin receptors even better than sero- 
tonin does. This means that unusually high numbers of nerve impulses are 
blocked, increasing our normal dampening powers. Ït is LSD%S ability to 
interfre with serotonins work that causes LSD users to experience an 
altered sense of reality. Because LSD also stimulates the reward center, the 
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Figure 14.30 

The side chain of serotonin can rotate into a number of conformations. Upon binding to a 
receptor site, however, the side chain is likely to be held in conformation 3. Note how the 
LSD molecule can be superimposed on structure 3. LSD may therefore be thought of as a 
modifed serotonin molecule in which the side chain is held in the ideal conformation for 
receptor binding. 


change in sensory organization is usually, but not always, characterized as a 
favorable experience. LSD also triggers the stress neurons, resulting In 
enlarged pupils, elevated blood pressure and heart rate, nausea, and 
tremors. These stress effects can shift the mood of an affected person to 
panic and anxiety. Because the LSD molecule is nonpolar, quantities may be 
trapped and hidden away in nonpolar fatty tissue, only to be released 
months later and result in a miÌd recurrence of the experience. 

In the early 1970s, there was a signiÑcant rise ¡n the street use of halÌu- 
cinogenic derivatives of the compound phenylethylamine, shown in Figure 
14.31. Initial interest was given to Zse2”e, the hallucinogenic component 
of several specles of cacti used in religlous ceremonies by Native American 
tribes in the western United States. One plant yielding this compound is 
pictured in Eigure 14.32. Synthetic derivatives, such as methylenedioxyam- 
phetamine (MDA), also became popular. Unlike LSD, these hallucinogens 
do not exert their efects by binding to serotonin receptor sites. Rather, they 
stimulate the release of excess quantitles of serotonin. This pathway 1s not 
as efective as LSD%S direct approach, and as a result these drugs are 200 to 
4000 times less potent than LSD. Because larger doses of mescaline and 
MDA are required, a multitude of other effects are seen, such as a marked 
stimulation of the stress neurons. Ín addition, the regular use of these com- 
pounds causes withdrawal symptoms. 
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Figure 14.31 
Hallucinogenic derivatives of phenylethylamine. 


Cannabinoids are the psychoactive components of marijuana, which 
has the specles name (20/ s24. Concentrations of cannabinoids vary 
greatly from plant to plant. The original strains of this plant specles contain 
very little of these psychoactive components and have been used for many 
centuries for their great ñber qualities. Strains of 72¿: that may be 
smoked for psychoactive effects on average contain about 4 percent 
cannabinoid derivatives. The most active of these derivatives 1s the com- 
pound A2-tetrahydrocannabinol (THC), shown in Figure 14.33. 

How THC exerts its psychoactive effect ¡s not completely understood. 
In 1990, a specific receptor site for the THC molecule was discovered. A few 


Figure 14.32 
: : : : The peyote cactus is a source of the 
years later a peptide occurring naturally ¡n the body was found to bínd to hallucinogen mescaline. 


this receptor and initiate marijuana-like responses. These results suggest 
that THC functions by mimicking this naturally occurring peptide. 
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: The major psychoactive component of 


A”-Tetrahydrocannabinol (THc) marijuana is A2-tetrahydrocannabinol. 
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Most notably, cannabinoids accumulate in the area of the brain where 
short-term memories are sorted. Every experience we cver have goes 
through this center. Some things—the image of a sidewalk crack you saw 
on a morning walk, say—get thrown out. Other experiences, like your ñrst 
date, get filed away In long-term memOory $tOrage. Cannabinoids disrupt 
this Blïng system so that memories are not sorted appropriately. In addi- 
tion, people under the inÑuence ofcannabinoids may have a distorted sense 
of time and unclear thoughts. Another effect of cannabinoids is unrestful 
sleep. The brain sorts through memories during a phase of sleep marked by 
rapid eye movement (REM). People who smoke martuana lose REM sÌeep 
time, which results in irritability the following day. Once the memory fiÌ- 
ing center is cleared of the drug, which may take days or even weeks, the 
brain makes up for lost time by having extra long periods of REM. 


Concept Check v 


Why is marijuana not considered a true hallucinogen? 


Was this You ânSW€F? The chemicals in marijuana do not significantly alter visual perceptions. 


Depressants Inhibit the Ability of Neurons to Conduct lmpulses 


D£pressazs are a class of drugs that inhibit the abiliry of neurons to conduct 
impulses. Two examples of depressants are ethanol and benzodiazepines. 

Ethanol, also known simply as 2/£øbøŸ 1s by far the most widely used 
depressant. Its structure is shown in Eigure 14.34. Ín the United SŠtates, 
about a third of the population, or about 100 million people, drink alco- 
hol. It ¡is well established that alcohol consumption leads to about 
150,000 deaths each year in the United States. The causes of these deaths 
are overdoses of alcohol alone, overdoses o£ alcohol combined with other 
depressants, alcohol-induced violent crime, cirrhosis of the liver, and 
alcohol-related traflc accidents. 
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Figure 14.34 

One of the initial effects of alcohol is a depression of social inhibitions, which can serve to 
bolster mood. Alcohol is not a stimulant, however. From the first sip to the last, body systems 
are being depressed. 
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Öznzod7azcp71s are a potent cÏass of antianxiety agents. Compared with 
many other types of depressants, benzodiazepines are relatively safe and 
rarely produce cardiovascular and respiratory depression. Thetr antianxiety 
effects were identiied ¡n 1957 by chance. During a routine laboratory 
cleanup, a compound that had been sitting on the sheÌf for two years was 
submitted for routine testing despite the fact that compounds thought to 
have similar structures had shown no promising pharmacologic activIty. 
This particular compound, however, shown in Figure lá.35 and now 
known as chlordiazepoxide, contained an unusual seven-membered ring. 
Chlordiazepoxide showed a significant calming effect in humans and by 
1960 was marketed under the trade name Librium as an antlanxIety apent. 
Shortly thereafter, a derivative, diazepam, was found to be five to ten times 
more potent than chÌordiazepoxide. In 1963 diazepam hit the market 
under the trade name Valium. 

A primary way in which alcohol and benzodiazepines exert their depres- 
sant efect is by enhancing the action of GABA. As shown in Figure 14.36 
on page 482, GABA keeps clectrical impulses from passing throueh a neu- 
ron by binding to a receptor site on a channel that penetrates the celÏ mem- 
brane of the neuron. Figure 14.36a shows that when GABA binds to the 
Teceptor site, the channel opens, allowing chloride ions to migrate Into the 
neuron. The resulting negative charge buildup ïn the neuron maintains the 
negative electric potential across the cell membrane, thereby inhibiting a 
reversal to a positive potential and preventing an impulse from traveling 
along the neuron. (I you are having trouble understanding this, go back 
and review Figure 14.18 and the text describing 1t.) 


Figure 14.35 
The benzodiazepines Librium and 
Valium. 
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Figure 14.37 

The receptor site for a benzodiazepine 
Ìs adJacent to the GABA receptor site. 
(a) A benzodiazepine cannot open 

up the chloride channel on its own. 
(b) Rather, the benzodiazepine helps 
GABA in its channel-opening task. 


®  QŒ 


Chloride ion Alcohol 


channel protein 


Outside neuron 


ch # Inside neuron 
annel open 
ỹ Channel open 


(b) 


Figure 14.36 

(a) When GABA binds to its receptor site, a channel opens to allow negatively charged chloride 
ions into the neuron. The high concentration of negative ions inside the neuron prevents the 
electric potential from reversing from negative to positive. Because that reversal is necessary if 
an impulse is to travel through a neuron, no impulse can move through the neuron. (b) Alcohol 
mimics GABA by binding to GABA receptor sites. 


Alcohol mimics the effect of GABA by binding to GABA receptor sites, 
allowing chloride ions to enter the neuron, as shown in Figure 14.36b. The 
effect of alcohol is dose-dependent—the greater the amount drunk, the 
grcater the effect. At small concentrations, few chloride ions are permitted 
into the neuron; these low concentrations of ions decrease inhibitions, alter 
judgment, and impair muscle control. As the person continues to drink and 
the chloride ion concentration inside the neuron rises, both reflexes and 
consciousness diminish, eventually to the point of coma and then death. 

Recall from our discussion of cocaine and amphetamines that the body 
responds to the long-term abuse of these stimulants by creating more depres- 
sant receptor sites. Likewise, the body recognizes the excesstve Inhibitory 
actions produced by alcohol and tries to recover by increasing the number of 
synaptc receptor sites that lead to nerve excitation. Á tolerance for alcohol 
therefore develops. To receive the same inhibitory effect, the drinker is forced 
to drink more, which induces the body to create even more excitable synap- 
tỉc receptor sites. Eventually, an excess of these excitatory receptor sites leads 
to perpetual body tremors, which can be subdued either by more drinking or, 
with greater diffculty, by a long-term cessation of alcohol consumption. 

Eigure 14.37 illustrates how benzodiazepines exert their depressant 
effects by binding to receptor sites located adjacent to GABA receptor sites. 


8 Benzodiazepine 
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Benzodiazepine binding helps GABA bind. Because benzodiazepines dont 
directly open chloride-ion channels, overdoses of these compound$ are Ìess 
hazardous than overdoses of alcohol. For this reason, benzodiazepines have 
become a drug o£ choice for treating symptoms of anxiety. 


Concept Check v 


Does the activity of a neuron increase or decrease as chloride ions are 
allowed to pass into it? 


Was this Y0OUF anSW€F? Chloride ions inside the neuron help maintain the negative electric poten- 
tíal. This inhibits the neuron from conducting an impulse (see Figure 14.18). Chloride ions therefore 
decrease the activity of a neuron. 


14.7 Pain Rellevers Inhibit the 
Transmission or Perception of Pain 


Physical pain is a complex body response to injury. Ôn the cellular level, 
pain-inducing biochemicals are rapidly synthesized at the site of 
Iinjury, where they ¡nitlate swclling, infammation, and other 
responses that get your body attention. Phese pain signals are 
sent through the nervous system to the brain, where the pain 1s 
perceived. To alleviate pain, drugs act at various stages of this 
process, as shown ¡n Figure l4.38. 

Anesthetics prevent neurons Írom transmitting sensa- 
tions to the brain. /øe2/ z£s£efzcš are applied either topi- 
cally to numb the skin or by injection to numb deeper tis- 
sues. These mild anesthetics are useful for minor surgical or 
dental procedures. As described earlier, cocaine was the first 
medically used local anesthetic. Others having fewer side 
effects soon followed, such as the ones shown in Figure 
14.39 on page 484. In general, molecules that have strong 
local anesthetic properties have an aromatic ring linked to Figure 14.38 


, : : : " Injury to tissue causes the transmission of pain signals to 
n intermediate chain of a particular O9 206A ca ly Ho chó, 
j8 .ẽỐ0 by —n P the brain. Pain relievers prevent this transmission, inhibit the 


length. Benzocaine lacks an amine group and so has ÌOW_ ¡nammation response, or dampen the brains ability to 
activity, which permits its use as an over-the-counter tOpI-  perceive the pain. 
cal anesthetic good for mouth sores and sunburn. 

A ø£neral amestĐefic blocks out pain by rendering the patlent unconscious. 
Gaseous general anesthetics are commonly used because with them the anes- 
thesiologist has excellent control over how much anesthetic is given. Às dis- 
cussed in Section 12.3, diethyl ether was one of the first general anesthetics. 
Two of the more popular gaseous general anesthetics used by anesthesiologjsts 
today are those shown In Fligure 14.40 on page 484, sevofurane and nitrous 
oxide. When inhaled, these compounds enter the bloodstream and are dis- 
tributed throughout the body. At certain blood concentrations, general anes- 
thetics render the individual unconscious, which ¡s useful for invasive surge€ry. 
General anesthesia must be monitored very carefully, however, so as to avoid 
a major shutdown of the nervous system and subsequent death. 
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Local anesthetics have similar structural features, includìing an aromatic rïng, an intermediate 
chain, and an amine group. Ask your dentist which ones he or she uses for your treatment. 
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Figure 14.40 
The chemical structures of sevoflurane and nitrous oxide. 
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Figure 14.41 
(a) Prostaglandins, which cause pain signals to be sent 
analgesic bound to the brain, are synthesized by the body in response 
to enzyme to injury. The starting material for all prostaglandins is 
arachidonic acid, which is found in the plasma mem- 
Z1 No prostaglandin brane of all cells. Arachidonic acid is transformed to 
* prostaglandins with the help of an enzyme. There are 
a variety of prostaglandins, each having its own effect, 
but all have a chemical structure resembling the one 
shown here. (b) Analgesics inhibit the synthesis of 
prostaglandins by binding to the arachidonic acid 
receptor site on the enzyme. With no prostaglandins, 
(b) no pain signals are generated. 


Over-the-counter 


Analgesics are a class of drugs that enhance our ability to tolerate pain 
without abolishing nerve sensations. Over-the-counter analgesics, such as 
aspirin, ibuprofen, naproxen, and acetaminopbhen, inhibit the Íormation o£ 
?0s/2glzma7ns, which, as Flgure 14.41 illustrates, are biochemicals the body 
quickly synthesizes to generate pain signals. Analgesics also reduce fever 
because of the role prostaglandins play In raising body temperature. In 
addition to reducing pain and fever, aspirin, ibuprofen, and naproxen act as 
anti-inflammatory agents because they block the formation oÊ a certain 
type of prostaglandin responsible for inÑfammation. Âcetaminophen does 
not act on inÑlammation. These four analgesics are shown in Figure 14.42 
on page 486. 

The more potent opioid analgesics—morphine, codeine, and heroin 
(see Figure 14.1)—moderate the brains perception of pain by binding to 
receptor sites on neurons. [nitial discovery of these rCC€PtOT SIt€S raised the 
question of why they exist. Perhaps, it was hypothesized, opioids mimic the 
action of a naturally occurring brain chemical. #zZøz/2s, a group of 
polypeptides that have strong opioid activity, werc subsequently isolated 
from brain tissue. It has been suggested that endorphins, an example of 
which ¡s shown in Figure 14.43 on page 487, evolved 4s 4 m€ans of SUP- 
pressing awareness of pain that would otherwise be incapacitating In lic- 
threatening situations. The “runnerS high experlenced by many athletes 
after a vigorous workout is caused by endorphins. 
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Aspirin 
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(Advil, Motrin) (Aleve) (Tylenol, Datril) 
Figure 14.42 


Aspirin, ibuprofen, and naproxen block the formation of prostaglandins responsible for pain, 
fever, and inflammation. Acetaminophen blocks the formation only of prostaglandins responsi- 
ble for pain and fever. 


Endorphins are also implicated in the ø/zcebø eƒf£c£, 1n which patients 
experience a reduction in pain after taking what they believe is a drug but 
1s actually a sugar pill. (A ø/zce6ø is any inactive substance used as a control 
in a sclentifc experiment.) Through the placebo efect, it Is the patlents 
belief in the effectiveness of a medicine rather than the medicine itself that 
leads to pain relief. The Involvement ofendorphins In the placebo effect has 
been demonstrated by replacing the sugar pills with drugs that block opi- 
oids or endorphins from binding to thetr receptor sites. Under these cir- 
cumstances, the placebo effect vanishes. 

In addition to acting as analsesics, opioids can induce euphoria, which 
1s why they are so frequentÌy abused. With repeated use, the body develops 
a tolerance to these drugs: more and more must be administered to achieve 
the same effect. Abusers also become physically dependent on opioids, 
which means they must continue to take the opioids to avoid severe with- _ 
drawal symptoms, such as chilÌs, sweating, stffness, abdominal cramps, 
vomiting, weight Ìoss, and anxiety. [nterestinely, when opioids are used pri- 
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marlly for pain relief rather than for pleasure, the withdrawal symptoms are 
much less dramatic—especially when the patient does not know he or she 
has been taking these drugs. 

The most widely used approach to treating opioid addiction is metha- 
done maintenance. Ä⁄2/z22øe, shown in Figure 14.44, 1s a synthetic opioid 
derivative that has most o£ the effects of other opioids, including euphorlia, 
but diff&rs in that it retains much of its actvity when taken orally. Thịs 
means that doses are very easy to control and monitor. The withdrawal 
symptoms of methadone are also far less severe, and the addict may be 
slowly weaned off the opioid without excessive stress. An addict may be 
freed of physical dependence ¡n a matter of months. The psychological 
dependence, however, usually persists throughout the ¡individual$ lic, 
which is why the relapse rate is so hịph. 


Concept Check v 


Distinguish between an anesthetic and an analgesic. 


Was this YOUF anSW€F? An anesthetic blocks pain signals from reaching the brain, and an 
analgesic facilitates the ability to manage pain signals once they are received by the brain. 


Figure 14.43 

Met-enkephalin is just one of many 
endorphins, which are pain-relieving 
polypeptides produced by the body. 
Studies show a similarity between the 
structure of opioids and the structure 
of the tyrosine-glycine-glycine por- 
tion of this macromolecule, a similarity 
that supports the notion that endor- 
phins and opioids ft the same recep- 
tor sites. 


CH; 


Methadone/Morphine 


Figure 14.44 

The structure of methadone (black) 
superimposed on that of morphine 
(blue and black). 
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Figure 14.45 
The vasodilators nitroglycerine and 
amyl nitrite. 


14.8 Drugs for the Heart Open Blood 
Vessels or Alter Heart Rafe 


Heart disease is any condition that diminishes the hearts ability to pump 
blood. A common heart disease is ZzzZøsejzrøs2s, a buildup of plaque on the 
inside walls of arteries. As discussed ¡n- Secton 13.8, plaque deposits are 
mostly an accumulation of low-density lipoproteins, which are h¡iph in cho- 
lesterol and saturated faœ. Plaque-filled arteries are less elastic and have a 
decreased volume. Both these effects make pumping blood more difficult, 
and the heart becomes overworked and weakens. Accumulated damage to 
heart muscle #om arteriosclerosis or other stresses can result in abnormal 
heart rhythms, known as Zzy/zz⁄⁄. Chest pains, known as 474, result 
from an insufficient oxygen supply to heart muscles. Ultimately, the weak- 
ened heart does not adequately circulate blood to the body. People with heart 
disease have decreased stamina and frequently need to catch their breath. 

As discussed in Section 13.8, another great danger of arteriosclerosis Is 
the potential for a blood clot around the site of plaque formation. Such a 
clot is carried through the bloodstream until it clogs a blood vessel, effec- 
tively cutting of the blood supply to tissue, which then begins to die. Â 
heart attack occurs when the dying tissue is heart muscle. Some heart 
attacks progress slowly, allowing the victim time to seek medical assistance, 
which may involve the administration o£ a quick-acting clot-dissolving 
enzyme. Other heart attacks are more rapid, killing the victim within mín- 
utes. Surviving a heart attack means living with a heart weakened by dead 
tissuc. 

WZsoZjl2tørs are a class of drugs that Increase the blood supply to the heart 
by expanding blood vessels. They are useful for treating angina. They also 
reduce the work load of the heart because opening up the blood vessels makes 
pumping blood easier. Iraditional vasodilators include nitroglycerin and amyl 
nitrite, both shown in Eigure 14.45. They can be administered by a number 
of routes, including orally, sublingually (under the tongue), or as a transder- 
mail patch. A beneft of the latter two approaches ¡s that they allow the drug 
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to enter the body slowly, in contrast to what happens when the drug is taken 
orally or by injection. These organic nitrates are metabolized to nitric oxide, 
NO, which has been shown to relax muscles in blood vessels. 

Drugs that relax the pumping action of the heart have also been devel- 
oped. When bound to receptor sites called beta-adrenoceptors in heart 
muscle, the neurotransmitters norepinephrine and epinephrine stimulate 
the heart to beat faster. A series of drugs called 2£ #/øekew slow down and 
relax an overworked heart by blocking norepinephrine and epinephrine 
from binding to the beta-adrenoceptors. The first beta blocker developed, 
propranolol (Inderal), shown in Figure 14.46, is useful for treating angina, 


arrhythmias, and hiph blood pressure. 
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Another group of drugs that relax heart muscle are the calcizn-cba?+ncÏ 
ðlackers. One example is nifedipine, shown in Eigure 14.46. Muscle con- 
tracdon is initiated as a nerve impulse signals calcium ions to enter muscle 
cells. As their name implies, calcium-channel blockers inhibit the ñow of 
calcium ions into muscles, thereby ¡inhibiting muscle contraction. The 
heart rate slows down, and muscles.of blood vessels relax and dilate, lower- 
¡ng blood pressure. 

In the United States and in most other developed nations, heart discase 
is the number one cause o£ death for individuals over the age of 65. Because 
most people in these natlons live past this 40C, heart disease _ actually the 
leading cause of death for alÏ age groups combined, as noted ¡n Table 14.5. 


Figure 14.46 
Propranolol is a beta blocker, and 
nifedipine ¡is a calcium-channel blocker. 
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Table 14.5 


Causes of Death in the United States 


Number One Cause by Age Group Top Ten Causes, 
Age Group (Years) Cause All Ages Combined 
15-24 Accident 1. Heart disease 
25-44 HIV infection 2. Cancer 
45-64 Cancer 3. Stroke 
>65 Heart disease 4. Lung disease 
5. Accident 
6. Pneumonia 
7. Diabetes 
8. Suicide 
9. HIV infection 
10 


. Homicide 


Concept Check v 


Why do long-time alcoholics require relatively greater doses of a beta 
blocker in order to relax cardiac muscle? 


Was this Y0Uuf âfSW€F? As discussed in Section 14.6, long-time excessive drinking leads to an 
increase in the number of receptor sites for stress neurotransmitters.With more of these receptor sites to 
block, the alcoholics require a correspondingly greater dose of the beta blocker to achieve the desired 
degree of cardiac relaxation. 


In Perspective 


Perhaps nowhere is the impact of chemistry on soclety more evident than 
in the development of drugs. Cn the whole, drugs have increased our life- 
span and improved our quality of living. They have also presented us with 
a number of ethical and social questions. Should an abortion pill such as 
mifepristone be allowed? How do we care for an expanding elderly popula- 
tion? What druøs, 1Ý any, should be permisstble for recreational use? How 
do we deal with drug addictton—as a crime, as a disease, or both? As we 
continue to learn more about ourselves and our iÌls, we can be sure that 
more powerful drugs will become avatlable. All drugs, however, carry cer- 
tan risks that we should be aware of. As most physiclans would point out, 
drugs offer many benefits, but they are no substitute for a healthy lifestyle 
and preventative approaches to medicine. 


Key Terms and Matching Definitions 


analgesic 

anesthetic 

chemotherapy 
combinatorial chemistry 
lock-and-key model 

neuron 

n€urotransmitter 
neurotransmitter re-uptake 

physical dependence 

psychoactive 
psychological dependence 

synaptic cleft 

synergIstic effect 


1. One drug enhancing the effect of another. 

. A model that explains how drugs interact with 
€C€PtOF SIt€s. 

3. The production of a large number of com- 
pounds ¡n order to Increase the chances of fñnd- 
¡ng a new drug having medicinal value. 

4. The use of drugs to destroy pathogens without 
destroying the animal host. 

5, A specialized cell capable of receiving and send- 
Ing electrical impulses. 

6. A narrow gap across which neurotransmitters 
pass either from one neuron to the next or from 
a neuron to a muscle or gland. 

7. An organic compound capable of activating 
receptor sites on proteins embedded ¡n the 
membrane of a neuron. 

8. Said ofa drug that affects the mind or behavior. 

9. A mechanism whereby a presynaptic neuron 
absorbs neurotransmitters from the synaptic 
cleft for reusc. 

10. A dependence characterized by the necd to 
continue taking a drug to avoid withdrawal 
symptoms. 

11. A deep-rooted craving for a drug. 

12. A drug that prevents neurons from transmitting 
sensations to the brain. 

13. A drug that enhances the ability to tolerate pain 
without abolishing nerve sensatIons. 


Review Quesfions 


Drugs Are Classified by Safety, Social Acceptability, Origin, 
and Biological Activify 


1. What are the three origins of drugs? 
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2. Are a drugS side effects necessarily bad? 


3. What ¡s the synergistic effect? 


The Lock-and-Key Model Guides Chemists 
In Synthesizing New Drugs 


4. In the lock-and-key model, ¡is a drug viewed as 
the lock or the key? 


5. Nhat holds a drug to 1ts receptor site? 
6. hat are most receptor sites made of? 


7. What advantages are there to synthesizing a 
naturally occuring medicine, such as Taxol, in 
the laboratory rather than isolating it from 
nature? 


8. How is the laboratory method called combina- 
torial chemistry similar to the search for drugs 
in nature? 


Chemotherapy Cures the Host by Killing the Disease 


9, Why do bacteria need PABA but humans can do 
without It 


10. When ¡s chemotherapy most effective against 
cancer? 


11. What ¡s cancer? 


12. How does methotrexate work? 


Some Drugs Either Block or Mimic Pregnancy 


13. How efective are birth control pills at prevent- 
¡ng prepnancy? 
14. How does the action of mifepristone differ 


from that of the progesterone-based birth 
control pHl? 


The Nervous System ls a Network of Neurons 


15. How does a neuron maintain an electric poten- 
tial difference across its membrane 


16. What are the symptoms that a persOrS stress 
neurons have been activated? 


17. What are some of the things going on in the 
body when maintenance neurons are more 
active than stress neurons? 
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18. Which neurotransmitter functions most in the 
brains reward center? 


19. Nhat ¡s the role of GABA in the nervous 
system? 


Psychoactive Drugs Alter the Mind or Behavior 
20. What ¡s neurotransmitter re-uptake? 


21. Of the different psychoactive drugs presented 
in this chapter, which act by blocking the re- 
uptake of neurotransmitters? 


22. How ¡s psychological dependence distinguished 
from physical dependence? 


23. NWhat is one mechanism for how caffeine stimu- 
lates the nervous system? 


24. Which neurotransmitter does nicotine 
mimic? 


25. Which neurotransmitter does LSD mimic? 


26. Is marijuana better described as a drug that has 
few side cffects or a drug that has many? 


27. What drugs enhance the action of GABA? 


Pain Relievers Inhibit the Transmisslon or Perception of Pain 
28. What is an anesthetic? 
29_ What is an analgesic? 


30. Where are the maJor opioid receptor sites 
located? 


31. What biochemical is thought to be responsible 
for the placebo effect? 


32. How does methadone work In treating opioid 
addiction? 


Drugs for the Heart Open Blood Vessels or Alter Heart Rate 
33. What ¡s angina, and what is its cause? 


34. What role does nitrogen oxide play in the treat- 
ment of angina? 


35. How does a vasodilator reduce the workload on 
the heart? 


36. Distinguish between a beta blocker and a 
calclum-channel blocker. 


Hands-On Chemistry Insighfts 
Diffusing Neurons 


Because molecules slow down with decreasing temper- 
ature, the rate at which neurotransmitters are able to 
diffuse across the synaptic cleft decreases with temper- 
ature. Th¡s 1s one of the reasons cold-blooded animals 
become sluggish at colder temperatures. Âs neuro- 
transmitters take longer to diffuse across the synaptic 
cleft, the rate at which nerve signals can reach target 
muscles slows down. 

When stuck outside in the cold without adequate 
clothing, you may fnd your extremitles becoming 
numb and your muscles slupgish. Thịs isnt Just 
because of a decrease In the rate of diffusion in your 
synaptic clefts. Your body responds to cold by divert- 
¡ng blood from your extremities to your ¡internal 
organs. The speed of neuron transmission, however, 
depends on blood supply. As the blood supply dimin- 
ishes, neurons Ìose out on needed oxygen and nutri- 
ents and thus begin to shut down. The result is a 
numbing effect or loss of muscle control. The same 
thing happens to your foot after yoưve been sitting 
on ít for too long and ít has “gone to sleep.” lce packs 
work by the same mechanism. 

Most but not alÏ neuron connections reÌy on the 
pAassage of neurotransmitters across a synaptic cleft. 
The neurons that connect to muscles controlling eye 
movement, however, are different In that they have 
what are called ø/2c/z7cal syzzpsés, which are direct con- 
nections between the neurons and the muscles (theres 
no gap). Lhe hiph speeds o£ these direct connections 
provide for eye motion that is quick and jerky—a use- 
ful trait. Some íish have electrical synapses in their 
tails, an arraneement that provides for rapid escape 
from predators. 

Ás an interesting aside, you mipht ñnd that the 
descending drop of food coloring in this activity 
resembles a neuron, complete with knoblike synaptic 
terminals. 


EXerCIses 
1. Why are organic chemicals so suitable for mak- 
¡ng drugsi 


2. Aspirin can cure a headache, but when you take 
an aspirin tablet, how does the aspirin know to 
go to your head rather than your big toe? 


10. 


l< 


K2. 


lên 


14. 


linh 


16. 


'z. 


- NWhich ¡s better for you: a drug that is a natural 


product or one that is synthetic? 


- When might two drugs taken together not exert 


a synergIstic effect? 


.- Why is cancer treated most successfully in irs 


earllest staøes? 


- Would formulating a sulfa drug with PABA be 


likely to Increase or decrease its antibacterial 
pIoperties? 


.- Why do protease inhibitors work so well when 


used in conjunction with antiviral nucleosides) 


. hy do some antiviral apeents exhibit anticancer 


aCtIVIty? 


.- About 60 million women use birth control pIls, 


which when taken correctly are about 99 per- 
cent effective in preventing pregnancy. Build an 
areumenrt for whether such pills have had a 
major or a minor impact on the growth of the 
human population, which now stands at more 


than 6 billion. 


NWhat is an advantage of synaptic clefts between 
neurons rather than direct connectlons 


Why do so many stimulant drugs result in a 
depressed state after an initial hiph:? 


How is a drug addicts addiction similar to our 
need for food? How is it diferent: 


Nicotine solutions are available from lawn and 
garden stores as an insecticide. hy must gar- 
deners handle this product with extreme carc? 


Seeds of the morning glory plant contain the 
natural product Íysergic acid, and yet they are 
only marginally hallucinogenic. Why? 


Suggest why withdrawal symptoms are observed 
after repeated use of MDA but not after repcated 


use of LSD. 


Why do heavy drinkers have a greater tolerance 
for alcohol? 


One of the active components of marijuana, 
A2-tetrahydrocannabinol, ¡s avatlable as a pre- 
scription drug under the trade name Marinol, 
which is taken orally. What advantage and what 
disadvantage does Marinol hold for a person 
suffering from nausea? 


18 


DoI, 


20. 


SIIÊ 


2. 


25. 


24. 
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._Á variety of gaseous compounds behave as gen- 
eral anesthetics even thouph their structures 
have very little in common. Does this support 
the role ofa receptor site for their mode of 
action? 


How mipht the structure of benzocaine be mod- 
Ied to create a compound having greater anes- 
thetic properties? 


At one time, halothane, CFzCHBrC], was widely 
used as a general anesthetic. Supgest why Its use 
Is now banned. 


Which ¡s the more apprOprlate statement: 
opioids have endorphin activity, or endorphins 
have opioid activity? Explain your answer. 


WWhy is methadone not very useful in the treat- 
ment of cocaine addiction? 


WWhat are the problems associated with a 
buildup of plaque on the inner walls of blood 


vessels? 


A person may feel more relaxed after smoking a 
cigarette, but his or her heart is actually stressed. 


Why? 


Discussion Topics 


| 


. Alcohol-free and caffeine-free beverages have 
been quite successful in the marketplace, 
while nicotine-free tobacco products have 
yet to be introduced. Speculate about possIble 
r€aSONS. 


. What would be the advantages and disadvan- 
tages of making the production, sale, and con- 
sumption of tobacco products illegal? 


.- Historically, drug abuse has been viewed as 
criminal behavior. Advances in medicine, how- 
ever, show the complexity of drug abuse, lead- 
¡ng some people to believe ¡t should be viewed 
and treated as a disease. lhis newer view sug- 
gests that education and medical treatment, not 
fines and jail sentences, should be the major 
weapons combating drug abuse. Ássume this 
newer view is the predominant legal one, and 
prioritize where you think resources should be 
spent to help alleviate drug abuse. Under what 
circumstances do you think a drug user should 
be incarcerated? 
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4. Worldwide, tuberculosis and malaria are far 


greater killers than AIDS. Why then does there 
seem to be more of a focus on AIDS and AIDS 
prevention? 


. Research sugsests that skin loses Its fexiblity as 
we get older because of how sugar molecules are 
able to bind to the skin protein called collagen. 
New classes of drugs that prevent this from hap- 
pening and are even able to reverse the process 
may hit the market within a decade, promising a 
long-lasting youthful look for everyone. Should 
sụch drugs be sold as prescription or over-the- 
counter medicine? What If there ¡s a minor side 
effect, such as increased susceptability to infec- 
tions, or a major side efect, such as a weakening 
of heart tissue? What If there are no sipnifiicant 
side effects except for a doubling of the average 
life-span of humans 


Exploring Further 


http://www.usdoj.gov/dea 


Home page for the Drug Enforcement Adminis- 
tration, the lead federal agency for the enforce- 
ment of narcotics and controlled-substance laws 
and regulations. The agencyS priority 1s the long- 
term immobilization of major drug trafficking 
organizations through the jailing of their leaders, 
termination of their traficking networks, and 
selzure of their assets. 


http://www.nida.nih.gov 


A primary mission of The National Institute 
on Drug Abuse 1s to ensure that science, not 
ideology or anecdote, forms the foundation 
for our nations drug abuse policles. This 

ÑWeb site is designed to ensure the rapid and 
effective transfer of scientilc data to polÌicy 
makers, health care practitioners, and the gen- 


eral public. 


http://www.norml.org/home.shtml 


Since its founding in 1970, the National Orga- 
nization to Reform Marijuana Laws has been 
the principal national advocate for lepalizing 
marijuana. Today NORML serves as the umbrella 
group for a national network of activists com- 
mitted to ending marijuana prohibition. 


http://wWww.cancer.org 


The American Cancer Society has been the lead 
organization ¡n the fght against cancer since Its 
inception ¡n the early 1900s. At this site, you 
will ñnd information on the history of our 
understanding of cancer as well as information 
regarding the latest treatments for the different 
forms of cancer. 


http://www.americanheart.org 


Explore the site of the American Heart Àssocla- 
tion to learn about early warning sipns of heart 
disease and about what you can do to decrease 
your risk. This site is a good place to start 
researching the statistics of heart disease and 
latest trends in heart research. 


http://www.lungusa.org 


Thịs site for the American Lung Association 

can lead you to information about all kinds of 
lung disease, the air you breathe, and events and 
services In your area. Since 1904, the Assocla- 
tion has worked to ñght lung disease by helping 
people quit smoking, funding research, improv- 
¡ng indoor and outdoor air quality, and educat- 
¡ng millions about asthma. 
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From the Good Earth 


Each year, about 500,000 children in developing countries become irre- 
versibly blind because of a deficiency of vitamin A. In an effort to stop this 
tragedy, two European scientists recently created a new strain Of rice 
enriched in the orange pigment /-carotene, which the body uses to make 
vitamin A. The amount of Ø8-carotene in this rice gives the rice a golden hue. 
Current plans are to provide this golden rice free of charge to farmers in 
developing nations, such as Vietnam and Bangladesh, where the need is 
greatest. 

Developing a new strain of a crop to meet our nutritional needs is noth- 
ing new. Most of our major crops are the result of centuries, if not millennia, 
of selective breeding, a process whereby plants that offer more nutritional 
value are selectively bred over ones of less nutritional value. Iodays potato 
plant, for example, was once a small, wild shrub with tỉny but nutritious root 
nodules growing ín the Andes of South America. What is different about 
golden rice is that it was created over a single generation, by inserting genes 
from a daffodil and a bacterium into the DNA of some other strain of rice. 
Golden rice is therefore an example of a transgenic plant—one in which 
genes of different species have been artificially combined. 

This chapter is a showcase ofthe chemistry involved in the production of 
food, primarily the food derived from plants, which feeds both us and our 
livestock. Along the way, you will be introduced to many of the fundamental 
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Chapter 15 Optimizing Food Production 


concepts of agriculture, which may be loosely defined as the organized use of 
resources for the production of food. Special attention is paid to chemistry-related 
aspects of agriculture, such as soil composition, fertilizers, and pesticides. Also 
discussed are many of the new approaches to agriculture, including the creation 
of transgenic crops, which offer many advantages but also require our careful 
consideration. 


15 Humans Eat at All Trophic Levels 
The formation of food begins with ø/ø/øsyz£#2s/s, the biochemical process 
used by plants to create carbohydrates and oxygen from solar energy, water, 
and atmospheric carbon dioxide: 


6CO;+6H,O cm. xa. 


Carbon Water Carbohydrate Oxygen 
dioxide 


Each day, only about 1 percent of the solar energy reaching the Earth$ sur- 
face is used in photosynthesis. On a global scale, this is enough to produce 
170 billion tons of organic material per year. The energy content in this 
amount of organic matter is the total annual energy budget for virtually all 
living organisms. 

The route food energy takes throuph a community of organisms 1s 
determined by the communityS trophic structure, which ¡s the pattern of 
feeding relationships in the community. Irophic structures, also known as 
ƒoøđ cha¿øs, consist oFa number of hierarchical levels, shown In Figure 15.1. 
The frst trophic level is producers, most of which are photosynthetic 
organisms that use lipght energy to power the synthesis of organic com- 
pounds. Plants are the main producers on land. In water, the main pro- 
ducers are photosynthetic organisms known as ø//0p/2wk£ø? (pbyfo- means 
“plants `). 

Producers support all other trophic levels, collectively called con- 
sumers. Crganisms that consume producers are ø772y consumers. These 
are herbivores (“prass-eaters”), such as ørazing mammals, most Insects, and 
most birds. The primary consumers in aquatic environments are the many 
microscopIc organisms collectively known as z2øø/zzÈzøz. Above the pri- 
mary consumers, the trophic levels are made of œzø2øres (“meat-eaters”), 
cach level eating consumers from lower levels. Secondary consumers eat pri- 
mary consumers, tertiary consumers eat secondary consumers, and quater- 
ñary COnsumers eat tertiary consumers. Any organism that dies before 
Deing eaten becomes subJect to the action of decomposers, organisms that 
break down organic material into simpler substances that then act as soil 
nutrilents. Common decomposers are carthworms, insects, fungi, and 
mICrOOrganisms. 

With cach transfer of energy from one trophic level to the next, there is 
a signifcant loss of energy. lypically, not more than 10 percent of the 
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Quaternary 
consumers 


Consumers Tertiary 


conSumerS 


Secondary 
consumers 


Primary 


Producers 


A TERRESTRIAL 
TROPHIC STRUCTURE 


A MARINE 
TROPHIC STRUCTURE 


energy contained ¡n the organic material oŸ one trophic level is incorpo- 
rated into the next higher level. The availability of food energy 1s therefore 
greatest for the organisms lowest on the food chain. Â grasshopper, for 
cxample, will ñnd many more blades of grass to feed on than a field mouse 
will ñnd grasshoppers. And the feld mouse will ñnd more grasshoppers 
than a snake will ñnd ñeld mice. This dwindling supply of food resources 
quickly limits the number of trophic levels, which rareÌy exceeds the qua- 
ternary level. Accordingly, the higher the trophic level, the smaller the pos- 
sible population of organisms. 

We humans eat at all trophic levels. When we cat such things as fruits, 
vegetables, or the grains shown in Figure 15.2, we are primary consumers; 
when we at beef or other meat from herbivores, we are secondary con- 
sumers. When we eat ñsh like trout or salmon, which cat insects and other 
small animals, we are tertiary or quaternary consumers. Qur great and grow- 
ing nuímbers, however, are possible only because of our ability to eat as prI- 
mary consumers. 

Eating meat is a luxury. For the people who will eat the chickens 
shown ¡in Figure 15.3, for instance, the amount of biochemical energy 
they will obtain from eating the chickens is minuscule compared with the 
amount o£ biochemical energy used in raising the chickens. [n the United 
States, more than 70 percent of grain production is fed to livestock. Pro- 
ducing meat therefore requires that more land be cultivated, more water 
be used for irrigation, and more fertilizers and pesticides be applied to 


conSumerS 


Figure 15.1 

Terrestrial and marine trophic 
structures. Energy and nutrients 

pass through the trophic levels 

when one organism feeds on another. 
The shaded blocks represent the 
amount of energy transferred from 
one trophic level to the next. 


Figure 15.2 

Most people are primary consumers, 
with a diet consisting primarily of 
grains. 
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Figure 15.3 

In affluent countries, eating meat is 
quite common. ln the United States, for 
example, chickens outnumber people 
44 to 1. 


croplands. If people in the United States ate 10 percent less meat, the sav- 
ings in resources could feed 100 million people! As the human popula- 
tion expands, ít is likely that meat consumption wilÌ become even more 
of a luxury than it is today. 


Concept Check v 


The orca killer whale eats both sharks and phytoplankton-feeding gray 
whales. In which case is the orca eating at a higher trophic level? 


Was this Y0UF aïSWeF? sharks feed on fish and marine mammals, which makes them secondary, 
tertiary,or quaternary consumers. Phytoplankton-feeding gray whales, however, are primary consumers. 
When an orca feeds on a shark, it is eating at a higher trophic level than when it feeds on a gray whale. 


I52 PlantsRequireNutrienbs 


Plant material consists primarily of carbohydrates, which are made of the 
elements carbon, oxygen, and hydrogen. Plants get these three elements 
from carbon dioxide and water, but the soil in which the plants live aÌso 
provides many other elements vital to their survival and good health. Table 
15.1 lists these nutrients as 7Z/7øz/ezs, those needed in large quantities, 
and #czøz¿z/zs, those needed onÌy In trace quantitles. Some micronu- 
trients are needed ¡n such trace quantitles that a plants lifetime supply is 
provided by the seed from which the plant grew. 


Table 15.1 


Essential Elements for Most Plants 


Relative Number of lons 


Element Form Available to Plants in Dry Plant Material* 
Macronutrients 

Nitrogen,N NO:—,NH¿” 1,000,000 
Potassium, K Ks 250,000 
Calcium, Ca Ca?* 125,000 
Magnesium,Maqg Mq?' 80,000 
Phosphorus, P H;POa—, HPOx2~ 60,000 
Sulfur, S SOA2~ 30,000 
Micronutrients 

Chlorine, CỊ GÌ” 

lron,Fe Fe3~, Fe2” 

Boron, B H;BO: ˆ 

Manganese,Mn Mn^* 

Zinc,Zn Znˆ† 

Copper, Cu G0” 


MoO¿ ' 


Molybdenum,Mo 


*Measured relative to molybdenum = 1. 
Source: Salisbury and Ross, Plant Physioloay. Belmont, CA:Wadsworth, 1985. 
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Plants Utilize Nitrogen, Phosphorus, and Potassium 


Plants need nitrogen to build proteins and a variety of other biomolecules, 
sụch as eðiørøp#yÍl, the green pigment responsible for photosynthesis. Ás 
Table 15.1 shows, plants are able to absorb nitrosen from the soil in the 
form of ammonium ions, NH¿”, and nitrate ions, NO:_. Fipure 15.4 
shows the natural sources of nitrogen for a plant. The two reactions shown 
there are examples of nitrogen fixation, which is deRned as any chemical 
reacuon that converts atmospheric nitrogen to a form of nitrogen that 
plants can use. The two most common Íorms are ammonium ions and 
nItrate Ions. 

Most of the ammonium ions in soil come from nitrogen fxation car- 
ried out either by bacteria living in the soil or by microorganisms living in 
root nodules of certain plants, especially those of the legume family, ¡nclud- 
¡ng clover, alfalfa, beans, and peas (plants generally called ø/zøg¿z xen). 
These microorganisms possess the enzyme nitrogenase, which catalyzes the 
formation of ammonium ions from atmospheric nitrogen and soil-bound 
hydrogen Ions, as Figure 15.4a shows. 


Nitrogenase 
- m———— - > 


Soil 
bacteria 


Nỗ + 8H†*+ 6e” 2NH¿” 
(a) 


vsàè Liphtning 


ND + 20) HH 2N. 


Figure 15.4 ` 
na pathways for nitrogen fixation, a source of nitrogen for plants. (a) Both free-living bacteria 


in the soil and microorganisms in root nodules produce ammonium ions. (b) Lightning provides 
the energy needed to form nitrate ions from atmospheric nitrogen. 
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(c) 


Figure 15.5 

(a) The leaves of nitrogen-deficient 
plants turn yellow prematurely. 

(b) Phosphorus deficiencies are 
marked by stunted growth. (c) The 
leaves of potassium-deficient plants 
develop dead areas here seen as the 
pale yellow region along the leaf 
perimeter. 


Nitrogen fxation also results, to a lesser extent, from the action of lipht- 
ning on atmospheric nitrogen, as Fipure 15.4b shows. The híph cnergy of 
the lightning is sufficient to initiate the oxidization of atmospheric nitrogen 
to nitrate ions, which are then washed ¡nto the soil by rain. 

In a natural setting, nitrogen fixation is the original source of ammo- 
nium and nitrate ions in the soil. Most of this ñxed nitrogen, however, 1s 
recycled from one organism to the next. After a plant dies, for example, bac- 
terial decomposition of the pÏant releases ammonium and nitrate ions back 
into the soil, where these ions become available to plants that are still living, 


Concept Check v 


Why are the seeds of nitrogen-fixing plants, sụch as soybeans and peanuts, 
unusually high in protein? 


Was this Y0UF ânSW€F? Plants use nitrogen to build proteins. Nitrogen-fixing plants assimilate a 
lot of nitrogen and so produce proteins in large quantities. 


Plants deñcient in nitrogen have stunted growth. Because nitrogen is 
needed for making chlorophyll, another symptom oÊ nitrogen deficiency in 
plants ¡s yellow leaves, as Eigure 15.5a shows. The yellowing is most pro- 
nounced ¡in older leaves—younger ones remain green longer because solu- 
ble forms of nitrogen are transported to them from older, dying leaves. 

Plants need phosphorus to build nucleic acids, phospholipids, 
and a variety of energy-carrying biomolecules, such as ATP. All 
phosphorus comes to plants in the form of phosphate ions. The 
major natural source of these Ions ¡s eroded phosphate-contain- 
Ing rock. Sipnificant amounts of phosphates are also recycled as 
organisms die and become incorporated Into the soil. After nitro- 
gen, phosphorus is most often the limiting elemenr in soil. Phos- 
phorus-deRcient plants are stunted, as Figure 15.5b shows. 

Potassium Ions activate many of the enzymes essential to pho- 
tosynthesis and respiration. As with phosphates, the major natu- 
ral sources of potassium Ions are eroded rock and recycling of 
potassium Ions from decomposing plant material. After nitrogen and phos- 
phorus, soils are usually most deficlent in potassium. Symptoms oÊ potas- 
sium defciency include small areas of dead tissue, usually along leaf tips or 
edges, as shown In Figure 15.5c. As with nitrogen and phosphorus, potas- 
sium Ions are easily redistributed from mature to younger parts of the plant, 
and so delcilency symptoms first appear on older leaves. When cereal 
gprains, such as wheat or corn, are potassium-deficient, they develop weak 
stalks, and their roots become more easily infected with root-rotting orpan- 
isms. [hese two factors cause potassium-deficlent plants to be easily bent to 
the pround by wind, rain, or snow. 

Interestinply, the uptake of potassium ions by plants has had a pro- ' 
found effect on the compositlon of sea water. The EarthS crust contains 
nearly equal portions ofsodium I1ons and potassium Ions. Both readily leach 
from the soil, traveling into streams, rivers, and then ultimately the ocean, 
where they are the cause of much of the ocean§ salinity. Plants absorb 
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POtassium Ions, but in most instances the route for sodium ions is in the 
other direction—plants give of sodium ions to the soil and so ultimateÌy 
to stream and river water. So, while sodium and poOtassium Ions are about 
cqually abundant in the Earthš crust, seawater contains about 2.8 percent 
NaC] bụt only about 0.8 percent KCI. (As another interesting aside, all 
lving cells, not just plant cells, have a low tolerance for sodium ions and 


therefore have evolved mechanisms for pumping out these ions, as noted in 
Section 14.5.) 


Plants Also Utilize Calcium, Magnesium, and Sulfur 


Both calcium and magnesium are absorbed by plants as the positively 
charged calcium and magnesium ions, Ca”” and Mg””, and sulfur ¡s 
absorbed as the negatively charged sulfate ion, SO¿?~. Most topsoils con- 
tain enough of these ions for adequate plant growth. 

Calcium Ions are essential for building cell walls. Qnce absorbed by the 
plant, calclum 1ons are relatively immobile; that ¡s, they do not travel well 
from one part of the plant to another. The plant therefore 1s not so capable 
of reallocating calcium supplies in times of need. This is why new-growth 
zones, such as the tIps of roots and stems, are most susceptible to calcium 
deficiencies. Ihe results are rwisted and deformed growth patterns. 

Magnesium ions are essential for the formation of chlorophyll, which ¡s 
the green-pigmented molecule essential for photosynthesis. Chlorophyll 

ouses a magnesium ion at the center ofa structure called a porphyrin ring, 
as shown in Figure 15.6. Besides its presence ¡n chlorophyll, magnesium 1s 
essential because it activates many metabolic enzymes. [)eficiencies in mag- 
nesium, which are rare, result ¡n yellow leaves because the plant Is unable 
to generate chlorophyll. 

Most of the sulfur ¡in plants occurs in proteins, especially in the amino 
acids cysteine and methionine. Other essential compounds that contain 
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Figure 15.6 
Magnesium ions in the green pigment chlorophyll are vital to photosynthesis. 


Porphyrin ring 
system of chlorophyll 
molecule 
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sulfur are coenzyme A, a compound essential for cellular respiration and for 
the synthesis and breakdown of fatty acids, and the vitamins thiamine and 
biotin. Sulfur can be absorbed by leaves as gaseous sulfur dioxide, SÓ›, an 
environmenral pollutant released from active volcanoes and from the burn- 
¡ng of wood or fossil fuels. 


Concept Check v 


Plants require more calcium and magnesium than phosphorus and potas- 
sium, and yet deficiencies of calcium and magnesium are mụuch more 
infrequent than deficiencies of phosphorus and potassium. How can this 
be so? 


Was this Y0Uuf anSWeF? The potential for nutrient deficiency depends not only on the amount of 
nutrient needed but on the nutrient's availability. Calcium and magnesium are abundant in most soils, 
but phosphorus and potassium are not. Defciencies of phosphorus and potassium therefore tend to be 
more frequent. 


15.5 Soil Fertility Is Determined by 
Soil Structure and Nutrient Retention 


Soil is a mixture of sand, silt, and clay. All three of these components are 
ground-up rock, and the differences are in how finely the particles are 
ground. Sand particles are the largest, and clay particles are the smallest. 
Soil often occurs as a series of horizontal layers called soil horizons, 
shown ¡n Figure 15.7. The deepest horizon, which lies just above solid rock, 
is the s2, which is rock Just beginning to disintegrate into soil by 
the action of water that has seeped down to this level. No growing plant 
material is found ¡n the substratum. Above the substratum 1s the s07 


| Topsoil 


t Subsoil 


l Substratum 


Figure 15.7 
The vertical structure of soil is a series of layers called soil horizons. 
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which consists mostly of clay. Only the deepest roots penetrate into the ZỶỳửnn 
subsoil, which may be up to 1 meter thick. Above the subsoil is the /0p3011, 
which lies on the surface and varies in thickness from a few centimeters to 
úp to 2 meters. The topsoil usually contains sand, silt, and clay in about 


cqual amounts. This is the horizon where the roots of plants absorb most 
of their nutrients. 


porous soi 


=®-a®'9‹ 


Fertile topsoil is a mixture of at least four components—mineral parti- TPBC CN 
cÌles, water, air, and organic matter. The mineral particles are the particles of lào. 
sand, siÌt, and clay. Many of the nutrients plants need are released as these E LÊ ï 
, $ : : arge soil particile te lar 
particles are formed from the erosion of rock. The size of the particles greatÌy NA 7 
: vs : : . pockets of space than do smaller 
affects soil fertility. Large particles result in porous soil that has many pock- soil particles. 


ets of space that collect water and air——up to 25 percent of the volume of fer- 
tile topsoil consists of pockets. Roots absorb water and the oxygen from the 
air in these pockets. Small particles pack tightÌy together, so that none or only 
very few air pockets are present, and as a result there is little or no OXygen or 
water available to roots. This is why plants do not grow well in clay soils. Eig- 
ure ]5.8 compares these two extremes of soil. 

The organic matter in topsoil is a mixture of fallen plant material, the 
remains of dead animals, and such decomposers as bacteria and fungi, as 
Figure 15.9 illustrates. This orpanic matter ¡s called hưmws, and i¡t ¡s rích 
1n a varlety of plant nutrients. Humus tends to be porous, giving roots 
access to subterranean water and oxygen. It also binds the soil, helping to 
prevent erosion. 

The How of water throuph soil ¡s called øereøz/øø. The more porous the 
solil, the greater the rate of percolation. With excessive percolation, Ñowing 
water removes many water-soluble nutrients needed to make the soil pro- 
ductive. This process is known as 2e. With too little percolation, topsoil 
becomes waterlogsed, choking offa plants supply of oxygen. Soils with opti- 


mail percolaton drain water from all but the smallest atr pockets. 


Surface litter: 

fallen leaves, 

partially decomposed 
Organic matter 


Ants break up and 
aerate soil. 


Earthworms break up 
and aerate soil. 


Topsoil: 

Organic matter, 
living organisms, 
rock particles 


Fungi decompose 
Organic matter. 


Bacteria decompose 
Organic matter. 


Bacteria fix nitrogen. 


Figure 15.9 
Organic matter and living organisms are important components of topsoil. 
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nutrient ions 
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Soil Readily Retains Positively Charged lons 


Mineral particles play an important role in keeping nutrients in soil. As 
Table 15.1 shows, many plant nutrients are positively charged ions. The 
surface of most mineral particles, however, is negatively charged. Figure 
15.10 illustrates how the resulting ionic attractons help keep nutrients 
from being washed away. The degree of nutrient retention 1s most pTO- 
nounced in clay soils because these mineral particles are the smallest ones 
and thus have the largest surface area relative to volume. 

Decaying matter in humus contains many carboxylic acid and pheno- 
lic groups, which at a typical soil pH are ionized to negatively charged car- 
boxylate and phenolate ions. So, like mineral particles, humus helps retain 
positively charged nutrients. _ 


Figure 15.10 
The negatively charged surfaces of soil mineral particles and humus help retain positively 
charged nutrient ions. 


Concept Check v 


Why is soil able to retain ammonium ions, NH¿”, better than nitrate ions, 
NO”? 


Was this ÿ0uf anSW@F? Mineral particles and bits of humus in soil are negatively charged and 
therefore hold on to positively charged ammonium ions but repel negatively charged nitrate ions. 
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The pH of soil is largely a functon of the amount of carbon dioxide 
present. Recall from Section 10.4 that carbon dioxide reacts with water to 
form carbonic acid, which ¡n turn forms hydronium ions: 


H | H Ủ 
⁄ .. ⁄ 
O=C=O+d —> HO `OH „.— EU nh HO 
lội H 
Carbondioxide :  Water Carbonic acid Water Bicarbonate ion Hydronium ion 


The greater the amount of carbon dioxide in soil, the more hydronium Ions 
and so the lower the pH. Soil that has a low pH is referred to as sØzz. (Recall 
from Chapter 10 that many acidic foods, such as lemon, are characterIsti- 
cally sour.) Two main sources of soil carbon dioxide are humus and plant 
toots. The humus releases carbon dioxide as it decays, and plant roots 
release carbon dioxide as a product o£ cellular respiration. Â healthy soil 
may have enouph carbon dioxide released from these processes to give a pHÏ 
range from about 4 to 7. If the soil becomes too acidic, a weak base, such 
as calcium carbonate (known as lime or limestone), can be added. 
Hydronium ions are able to displace nutrient ions held to mineral par- 
ticles and humus. Plants use this fact to preat advantage. Figure 15.11 ilÌus- 
trates how a plant releases carbon dioxide through its root system and in 


.. ` 


(3) H;CO; reacts with HO, tì 
forming HCO;~ and HạO”. 


@) CO; reacts 


with H;O, 
forming 
H;COz. 


CƠ? 
(4) HOT displaces nutrient 
@ Root releases CO;. ion (K† shown),which is 


then available to root. 


+ \ 


Figure 15.TT g 
By releasing carbon dioxide, a plant guarantees a steady flow of nutrients from the soil to its 


rOOfS. 
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doing so generates nutrient-displacing hydronium ions. The displaced nutri- 
ents, no longer attached to soil particles, thus become available to the plant. 


Concept Check v 


How might a below-normal pH in soil lead to nutrient deficiencies in 
plants? 


Was this YOUT afSWeF? When the soil pH is below normal, the water in the soil pockets contains 
an abundance of hydronium ions, which displace large numbers of nutrient ions from soil and humus 
particles.Most of these nutrients wash away before the plant is able to absorb them. In a short tỉme, the 
soils are depleted of nutrients, and the plants become nutrient-deficient. 


—_ Hands-On Chemistry: 
Your Soil's pH—A Qualitative Measure 


You can measure the pH of soil samples using the red-cabbage pH indicator 
introduced in Chapter 10. 


What You Need 


1 cup of soil, water, concentrated red-cabbage pH indicator (see page 323), 
oven baster with suction bulb, cotton balls, chopstick or metal skewer, two 
drinking glasses. 


Procedure 


Œ) Saturate the soil with water, making a thin mud slurry. Stir the slurry, 
and then allow it to settle until about 1 centimeter of water appears 
above the soil. lf this top layer of water does not appear, add more 
water, sfir, and allow for further settling. 


(2) Remove the bulb from the baster and stuff several cotton balls into 
the top end of the baster. Use the chopstick or skewer to compact the 
cotton toward the narrow end of the baster. Pour the water from the 
settled soil into the top of the baster. Attach the bulb and squeeze 
the liquid through the cotton and into one of the glasses. lf the fil- 
tered water is still brown or cloudy, repeat the filtering, using clean 
cotton balls each time. 


) Add to the second glass as much fresh water as there is filtered water 
in the first glass. Add equal amounts of the pH indicator to the two 
glasses. Compare colors, recalling from Chapter 10 that a deeper red 
color means greater acidity and that green indicates alkaline. 


You might want to test soil samples from several different sites and compare 
your results. 
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15.4. Natural and Synthetic Fertilizers 
Help Restore Soil Fertility 


As a soil loses irs plant nutrients to harvested crops and to leaching, it 
loses its fertility. Farmers amend soil by adding /z⁄zezs which are 
replacement sources for these lost nutrients. Naturally occurring fertilizers 
are compost and minerals. Compost is decayed organic matter, which can 
be animal manure, food scraps, or plant material. Mineral fertilizers are 
mined. Saltpeter, NaNOa, for example, was once used extensively as a 
source oÊ nitrogen, but by the late 1800s the supply of this nitrogen-con- 
taining mineral was almost exhausted. A new source of nitrogen for fertil- 
1zers came along in 1913, when Fritz Haber (1868-1934), a German 
chemist, developed a process for producing ammonia from hydrogen and 
atmospheric nitrogen: 


N; S 3 bia = 2NH;ạ 


Nitrogen Hydrogen Ammonia 


Thịs technique is now the primary means of producing ammonia, which 
can be stored ¡n high-pressure tanks as a liquid and injected into the soil. 
Alternatively, the ammonia can be converted to a water-soluble saÌt, such as 
ammonium nitrate, NH„N(Oa, that ¡s then applied to the soil either as a 
solid or in solution. The mining of other nutrients, sụch as phosphorus and 
pOtassium, stilÏ remains an important endeavor. 

In times past, mineral fertilizers were used just as they came from the 
ground. Today, however, chemists have learned how to mix and match min- 
erals to obtain many different formulations, cach suitable for a different soil 
problem or the speciflc requirements ofa particular plant. All these formu- 
lated mineral fertilizers are referred to as either c9ez/calJ z»a„wƒactured f£z- 
/2lzrs or, more frequently, syzef7c ƒ£r/zzrs. Jont take the word sy/#cf/c 
literally, thouph, because except for what is produced by the Haber reaction, 
all the minerals in synthetic fertilizers originally came from the ground. 

A fertilizer that contains onÌy one nutrient 1s called a straight fertil- 
izer. Ammonium nitrate, NH„NOa, ¡s an example of a straipht fertilizer, 
yielding only nitrogen. Any fertilizer containing a mixture o£ the three 
most essential nutrients (nitrogen, phosphorus, and potassium) is called 
either a e2/2££ #r1zzer or a mixed fertilizer. All mixed fertilizers are 
graded by the N-P-K system, which lists the percent of nitrogen ẤN), 
phosphorus (P), and potassium (K) they contain, as Figure 15.12 shows. 
A typical mixed fertilizer might be graded 6-12-12. A typical compost, by 
contrast, mipht be rated anywhere from 0.5-0.5-0.5 to 4-4-4. Compost 
N-P-K ratings are much lower because of their hiph percentage of organic 
bulk. This organic bulk helps to keep the soil loose for aeration, however, 
and also serves as food for benefcial organisms that live in the soil, 
Because of the negative electric charges it carries, the organic buÏk also 
attracts positively charged nutrient ions, which are then not so readily 


leached away. 


Witat|-[i\ 


Figure 15.12 

Fertilizers are rated by the percentages 
of nitrogen, phosphorus, and potas- 
sium they contain. 
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The efect that nitrogen-containing synthetic fertilizers can have on 
yields is illustrated in Eigure 15.13. It requires a lot Of energy to mine and 
refine synthetic fertilizers, however, and so they are expensive. For example, 
of the total energy required to produce corn in the United States, at least 
one-third is needed to produce, transport, and apply the fertilizer. Never- 
theless, synthetic fertilizers are widely used, and our present food supply 
depends on them. : 


Figure 15.13 

Between 1956 and 1972, world crop 
yields grew in tandem with increases in 
the use of nitrogen fertilizers. 


K- Crop yield 


KK Nitrogen fertilizer need 


Concept Check v 


Which N-P-K rating would you expect for coffee grounds, which contain 
significant quantities of the alkaloid caffeine: 2-0.3-0.2, 0.3-2-0.2, or 


0.3-0.2-2? 
Ọ l 
HạC, ` 
N 
SN ˆ 
O ì N 
CH:a 
Caffeine 


Was this Y0uf aïSW€F? That caffeine is a nitrogen-containing compound means that coffee 


grounds must contain a relatively high proportion of nitrogen, as is indicated by their N-P-K rating of 2- 
(005110022) 


15.5 Pesticides Kill Insects,Weeds, and Fungi 


A hiph-yield crop needs more than adequate nutrition. It also needs defense 
against a host of natural enemies, a few of which are shown in Eipure 15. lá. 
To control these pests, farmers can apply substances known as pesticides. 
There are several kinds of pesticides, including Insect-killing Insecticides 
wccd-killing herbicides, and fungus-killing fungicides. 


Figure 15.14 


Insecticdes KiÍÍ Insects 


Most species of insects are beneficial or even essential to agriculture. Honey- 
bees, for example, are responsible for the pollination of $10 billion worth 
of produce ¡n the United States. Countless other species take part in nutri- 
ent recycling and help maintain soil quality. A small minority of insect 
species, however, have continually threatened our capacity to grow, harvest, 
and store crops, and it is against these species that insecticides are used. The 
most widely used insecticides are chlorinated hydrocarbons, organophos- 
phorus compounds, and carbamates. 

The ø#iørizared4 byẩrocarboms have a remarkable persistence, killing 
insects for months and years on treated surfaces. There are at least two rea- 
sons for this persistence. Eirst, chlorinated hydrocarbons tend to be non- 
biodegradable, which means there are no natural pathways to break them 
down chemically. Second, they are nonpolar compounds, which means they 
are insoluble in water and so are not washed away by rainwater. 
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Crop pests sụch as these threaten crop yields. 
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Figure 15.15 
The chemical name for DDT is 
dichlorodiphenyltrichloroethane. 


Figure 15.16 
Rachel Carson was a pioneer in 


the fight against excessive use of 


pesticides. 


Gì 


In 1939 there was a breakthrough in the fipht against insect pests with 
the chemical synthesis of the chlorinated hydrocarbon DDT, shown in Fig- 
ure 15.15. During the 1940s and 1950s, DDT was applied liberally to 
crops, resulting in markedly greater yields. In addition to protecting pÏants, 
DDT protected people from disease. Ït was applied to rivers, streams, and 
villages to help control the proliferation oŸ mosquitoes, lice, and tsetse fies, 
which spread malaria, typhus, and sÌeeping sickness, respectively. According 
to the World Health Organization, by protecting against these diseases, 
DDT has saved an estimated 25 million human lives. 

Insect populations began to develop a resistance to DDT within a few 
years of its first application. Furthermore, DDT was found to be toxic to 
wildlife, including the natural predators .of insects, such as birds. With 
fewer natural predators, DDT-resistant insects were able to thrive. The 
carly increased crop yields resulting from DDT use were therefore not sus- 
tainable. 

In the 1950s and 1960s, these and other negative aspects of DDT and 
other pesticides were brought to the publics attention by a number of pub- 
lications, including the biologist Rachel Carsons book 97 577g: 
Through the use of poetry, Carson, shown in Eigure 15.16, described the 
importance of understanding the dynamics of ecosystems, most of which 
are highly sensitive to human activities. She also described a phenomenon 
known as bioaccumulation, whereby a toxic chemical that enters a food 
chain at a low trophic level becomes more concentrated in organisms higher 
up the chain, as illustrated in Figure 15.17. In bodies of water sprayed with 
DDT, for example, small amounts of the pesticide were ingested and stored 


DDT concentration 


DDT ïn fish-eating birds, 
25 ppm 


DDT in large fish, 
2 ppm 


DDT in small fish, 
0.5 ppm 


DDT in zooplankton, 
0.04 ppm 


DDT in water, 
0.000003 ppm 


Figure 15.17 
The DDT concentration in a food chain can be magnified from 0.000003 parts per million (ppm) 
as a pollutant in the water to 25 ppm in a bird at the top of the chain. 
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¡n the nonpolar lipids of aquatic microorganisms. Because these micro- 
Organisms serve as food for animals at higher trophic levels, DDT became 
more concentrated in the body fat of these larger creatures. Predatory birds 
at the top of the chain accumulated the ðTeatest amounts of DDT. Eventu- 
ally, the elevated DDT levels affected avian population numbers because the 
cpgshells of affected birds were too thin and fragile to support the perowing 
chick embryos. DDT contributed to the decline of many bird populations 
and the near extinction of some specles of osprey, hawks, eaples, and fal- 
cons. In the early 1970s, the United States and many other countries 
banned the use of DDT. Within a matter of years, many wildlif Species in 
these countries were able to recover. 

Not all nations have banned DDT, however. Many nations still rely on 
1t as an economical method of controlling insects that carry human disease. 
The use of this insecticide remains controversial. 

Many chlorinated hydrocarbon alternatives to DDT have been devel- 
oped. One of the earliest substitutes was methoxychlor, shown in Figure 
15.18. This compound has a much lower toxicity in most animals and, 
unlike DDT, is not readily stored in animal fat. Look carefully at the 
structures o£ methoxychlor and DDT, and you see that they are identi- 
cal except that methoxychlor has two ether groups where DDT has two 
chlorine atoms. Because the structures are nearly identical, they have 
nearly the same level of toxicity in insects. In higher animals, however, the 
Oxygen atoms facilitate detoxification. Specifically, enzymes ¡n the liver 
cleave the ether groups to synthesize polar products that are readily 
excreted throuph the kidneys. 
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Figure 15.18 
Methoxychlor is one of many alternatives to DDT. Enzymes in the liver can cleave the ether 


groups to produce polar products. Look back to Figure 15.15, and you will see that DDT lacks 
ether groups. 
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Figure 15.19 

Honeybees do not forage at night. 
Quick-acting pesticides, sụch as 
organophosphorus compounds and 
carbamates, are therefore best applied 
in the evening. By the time the bees 
return the next day, these pesticides 
have lost much of their toxicity. 


Organophosphorus compounds and carbamates, in contrast to chlori- 
nated hydrocarbons, readily decompose to water-soluble components and 
so do not act over extended periods of time. Their immediate toxicity to 
both insects and animals is much greater than that of chlorinated hydro- 
carbons, however. Added safety precautions are required during the appli- 
cation of both organophosphates and carbamates, especially because of 
their toxicity to honeybees (Figure 15.19). 
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The widely used pesticides malathion and carbary!. 


'There are hundreds of organophosphorus and carbamate Insecticides in 
agricultural and household use. Two important examples are malathion, an 
organophosphorus compound, and carbaryl, a carbamate, both shown 1n 
Figure 15.20. Malathion kills a variety of insects, such as aphids, leafhop- 
pers, beetles, and spider mites. Carbaryl, like many other carbamates, 1s reÌ- 
atively selective in the types of insects killed. 


Concept Check v 


Why do chlorinated hydrocarbons persist longer in the environment than 
do organophosphorus compounds? 


Was this YOU âFSWF? There are no natural pathways by which chlorinated hydrocarbons are 
readily broken down to less harmful compounds. Also, because they are nonpolar, chlorinated hydrocar- 
bons are not readily washed away by rainwater. Organophosphorus compounds readily decompose to 
water-soluble products that can be carried away by rainwater. 


15.5 Pesticides Kill Insects,Weeds, and Fungi 


Hands-On Chemistry: Cleaning Your Insects 


Perhaps the most environmentally friendly insecticides are solutions of SoOap or 
detergent. Insects are perforated with tiny holes, called spiracles, through 
which atmospheric oxygen migrates directly into cells. These holes are easily 
penetrated by liquid soap or detergent, which then blocks the exchange of 
atmospheric gases and so suffocates the insect. In general, the larger the 
insect, the more concentrated a soap solution needs to be in order to kill effi- 
ciently. A dilute soap solution, for example, will quickly annihilate aphids, but 
only a relatively concentrated one will kill a cockroach. 


What You Need 


Liquid soap or detergent, measuring spoons, pump-spray bottles, plants in- 
fested with household or garden insect pests such as houseflies or aphids. 


Procedure 


Úse the measuring spoons to create various concentrations of soap solution. 
Stir your solutions gently to avoid excessive foaming. Pour each solution into a 
pump-spray bottle, and write the concentration (in teaspoons per cup, say) on 
each bottle. Test the effectiveness of each solution on the infested plants. Fol- 
low with a spray of fresh water to remove any residual soap from the plants. 


Herbicides KilI Weeds 


WWeeds compete with crop plants for valuable nutrients. The traditional 
method for controlling weeds is to plow them under the soil, where ¡in 
decomposing they release the nutrilents they absorbed while they were 
alive. Plowing also aerates the soil, but ¡t 1s either labor-intensIve or energy- 
intensive and can lead to topsoil erosion. In the carly 1900s, farmers noted 
that certain fertilizers, such as calcium cyanamide, CaNCN, selectively kil 
weeds while causing little harm to crops. This prompted a broad search for 
chemicals that act as herbicides. Today, a farmer can choose from hundreds 
of herbicides, many tailored for a specic weed. Farmers in the United 
States apply almost 600 million pounds of herbicides annually, which ¡s 
about three times more than the amount of insecticides they appÌy. 

Two selective herbicides are the carboxylic acids 2,4-dichlorophenoxy- 
acetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), shown 
in Eigure 15.21 on page 514. Both mimic the acton of plant growth hor- 
mones and are selective in killing broad-leafed plants but not grasslike crops 
such as corn and wheat. A herbicide known as Zø£% ø72g is a blend of 
2,4-D and 2,4,5-T. During the Vietnam War, U.S. military forces applied 
more than 15 million gallons of agent orange and related herbicides in an 
efort to defoliate jungle areas that could harbor enemy troops. Health prob- 
lems in Vietnamese troops and civilians, Ù.S. troops, and others exposed to 
agent orange have since been linked to a minor contaminant of the 
agent orange—the highly toxic compound 2,3,7,8-tetrachlorodibenzo-?- 
dioxin (TCDD). This contaminant was generated as a side product ¡n the 
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Figure 15.21 
The herbicides 2,4-D and 2,4,5-T and the dioxin contaminant TCDD. 


manufacture of 2,4,5-1. In 1985, because of this contamination, the use of 
2,4,5-T was prohibited by the U.S. Environmental Protection Agency. 
TCDD-free methods of 2,4,5-T production, however, have since been 
developed, which raises the possibility that 2,4,5-I may once again be 
introduced as an effective herbicide. 

Three other commonly used herbicides are atrazine, paraquat, and 
elyphosate, all shown ¡in Figure 15.22. Atrazine is toxic to common weeds 
but not to many grasslike crops, which can rapidly detoxify this herbicide 
throuph metabolism. 

Paraquat kills weeds in their sprouting phase. During the 1970s and 
1980s, this herbicide was sprayed aerially to destroy drug-producing poppy 
and marljJuana fields in the United States, Mexico, and much of Central 
America and South Amertca. Paraquat residues made their way Into the 
1llicit drug products, however, causing lung damage in users. So, for ethical 
reasons, the spraying of paraquat on drug-producing plants is no longer 
common practice. 

Glyphosate Is a nonselecttve herbicide that affects a biochemical process 
common to alÌ plants—the biosynthesis of the amino acids tyrosine and ˆ 
phenylalanine. Glyphosate has low toxicity in animals because most ani- 
mals do not synthesize these amino acids, obtaining them from food 
instead. Glyphosate is the active ingredient of the herbicide Round-up. 
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Figure 15.22 
The herbicides atrazine, paraquat, and 
glyphosate. 
Sim chào xw" 
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Fungicides KIl| Fungi 
As decomposers, fungi play an important role in soil formation, but they 
can also harm crops. Most of the harm they cause occurs during a plants 
early growth stages. Fungi can also spoll stored food and are particularly 
devastating to the world's fruit harvest. 
In the United States, farmers use about 100 million pounds of fungi- 
cides annually, meaning fungicides rank third after herbicides and insecti- 
cides in the amounts used. An example ofa fungicide ¡s thiram, widely used 
on fruits and vegetables and shown ¡in Eigure 15.23. 
S 
| | 
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The fungicide thiram. 


Thiram 
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Figure 15.24 

The water running off this farm field 
contains many pesticides and fertilizers 
that can be harmful to ecosystems and 
human health. 


During the last 60 years, pesticides have benefited our society by pre- 
venting disease and increasing food producton. Qur need Íor pesticides 
will continue, but greater specifcity will certainly be demanded. Further- 
more, it is becoming increasingly apparent that the benefits oÊ using, pesti- 
cides must be considered in the context of potential risks. 


Past Aericultural Practices 


Over the past 100 years, there have been dramatic increases in crop yields. 
An acre of U.S. farmland in 1900 yielded about 30 bushels of corn. Today, 
that same acre yields on the order o£ 130 bushels of corn. This increased 
cfficiency has meant a signifcant drop in the number oŸ people needed to 
farm. In the early 1900s, about 33 million people ¡n the Dnited States lived 
and worked on farms. Today, only 2 million people are engaged in com- 
mercial farming in this country, producing crops and livestock. 

Many of the farming methods used to obtain híph yields have sigmifi- 
cant disadvantages. Pesticides and fertilizers, for example, pose certain risks. 
Pesticides are inherently toxic, and cach year thousands of people working 
in agriculture are poisoned by the mishandling of these dangerous com- 
poundk. Eertilizers help plants grow, but major portions ofapplied fertilizer 
are washed away into streams, rivers, ponds, and lakes, where they upset 
ecosystems, especially by promoting an excessive growth of algae (sec Sec- 
tion 16.6). Fertilizer runoff from fields, illustrated in Figure 15.24, can also 
contaminate drinking water supplies and thus afect human health. An ail- 
ment known as blue-baby syndrome, for example, results from drinking 
water containing hiph concentrations of nitrate ions, a main ingredient of 
most fertilizers. Nitrate ions in the bloodstream compete with oxygen Íor 
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the positively charged iron ions of hemoglobin molecules. This leads to a 
form of anemia known as methemoglobinemia, to which babies are partic- 
ularly sensitive. Aside from a shortness of breath, one of the major symp- 
toms 1s a bluish color to the skin. 

Poor maintenance of topsoIl ¡is also a maJor concern. Synthetic fertiliz- 
ers have no organic bulk and do not provide a food source for soil micro- 
organisms and earthworms. ©ver time, a soil treated with only these fertil- 
1zers loses biological activity, which diminishes the soils fertility. Soils void 
of organic bulk become chalky and susceptible to wind erosion. Chalky 
soils lose their capacity to hold water, which means that more applied fer- 
tilizer is leached away. Ever-increasing amounts of fertilizer are thus needed. 

Over the past 100 years, damaging farming practices have decreased the 
amount oÊ topsoil in parts of the United States by as much as 50 percent. 
During the 1930s, farming practices and drought conditions created giant 
dust storms, such as the one shown ín Figure 15.25, that removed major 
portions of the topsoil in Kansas, Oklahoma, Colorado, and Texas. Ín one 
storm, large dust clouds were carried all the way from the Midwest to 
Washington, D.C., and then into the Atlantic ©cean. Politiclans In that 
city observing the effects of poor soil management ripht outside their win- 
dows quickly passed legislation that created the Soil Erosion Service, whích 
became the National Resources Conservation Service and continues to this 
day ¡n its efforts to help protect the nations topsoil for future generatlons. 

Another limited resource required for farming ¡s fresh water. Ïn replons 
where rainfall is insufficient to support large crops, water is either chan- 
neled into ñelds from lakes, rivers, and streams or else pumped up from the 
ground. In many areas, groundwater is the primary source of Íresh water, 
but excessive use of groundwater can Íead to land subsidence, i|Ïustrated in 
Figure 15.26. ¬ 

Any source of water other than rainwater requires an irrigation method 
to deliver water to the ñelds. Flooding is a common method, but ít Is not 


Figure 15.25 

Poor soil-conservation practices in the 
early 1900s contributed to the loss of 
much topsoil to wind storms thick with 
dust. 


Figure 15.26 

The San Joaguin Valley of California 
has subsided by more than 35 feet 
since the pưmping of groundwater 
began in the 19205. 
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Figure 15.27 

As a river flows along, runoff from 
agricultural fields can add to the 
rivers natural salinity. By the time the 
Colorado River reaches the Gulf of 
California, for example, it is too salty 
for productive farming. A typical safe 
đrinking water standard for salt con- 
tent is 500 milligrams/liter. Agricultural 
damage occurs when soil salinity 
reaches a concentration of about 
800 milligrams/liter. 
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effctent because most of the water is lost in runoff and evaporation. Sprin- 
kler systems are an improvement over fooding because they do not cause soil 
erosion. Such systems also lose large amounts Of water, however, because a sig- 
nifcant portion of the airborne water evaporates before reaching the ground. 

All liquid water on the Earths surface, no matter how fresh, contains 
some salts. After irrigation water evaporates from farmland, these salts are 
left behind, and so over time repeated irrigation causes the saliniry o£ the 
soil to increase. This process is known as salinization, and ¡t leads to a 
rapid decrease In productiviry. Ïo counteract growing soil salinity, farmers 
food the land with huge quantities of water. As the water drains into a 
river, It washes the unwanted salts—=along with signiiicant amounts of top- 
soill—mto the river. Thus a river passing through farmlands øets saltier and 
saÌtler as ¡t runs to the sea, as depicted in Eigure 15.27. 


Concept Check v 


Are there any dissolved salts in a mountain stream? 


Was this ÿOUFT ânSWeF? Land contains a variety of salts.As water runs over and through the land, 
these salts dissolve in the water. In general, the farther the water travels, the saltier it becomes. Thus even 
water that has traveled only a short distance, which is the case with a mountain stream, contains some 
salts. So the answer to this question is a qualified “Yes, but not enough to make the water undrinkable.” 
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15.7 High Agricultural Yields Can Be 
Sustained with Proper Practices 


At the beginning of this chapter, agriculture was defned as the Oorganized 
use of resources for the production of food. Whether or not these 
T€sources——mainly topsoil and fresh water—will be available for future gen- 
cratlons depends on how well we manage them now. ÑWe already know from 
experlence that pesticides and fertilizers cannot be applied liberally without 
threatening both topsoil quality and our supplies of clean groundwater (not 
to mention the health of ourselves and the planet). 

Over the past several decades, there have been strong movements 
toward developing methods and technologies that will sustain agricultural 
resources over the long term. Problems associated with irrigation, for exam- 
ple, can be solved by microirrigation, which ¡s any method of delivering 
water directly to plant roots. Microirrigation not only prevents topsoil ero- 
sion but also minimizes the loss of water through evaporation, which in 
turn minimizes the salinization of farmland. One method of microirriga- 
tion 1s shown ¡in Eigure 15.28. 
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Figure 15.28 


as the plants need. 


Organic Farming Is Environmentally Friendly 


For controlling pests and maintaining fertile soil, the conventional agricul- 
tural industry is now looking at the efforts of many small-scale farmers who 
have demonstrated that significant crop yields can be obtained without pes- 
ticides and synthetic fertilizers. This method of Íarming is known as 
organic farming, where the term øzøZ2/ is used to indicate a concern for 
the environment and a commitment to using only chemicals that occur in 


nafUufe. 


The microirrigation method known as drip irrigation delivers water through long, 
narrow strips of punctured plastic tubing. These farmers are placing tubing in a 
soon-to-be-planted field. Once installed, the system will provide only as much water 
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Figure 15.29 
Odor-free backyard compost bins are 
easy to build and maintain. 


Figure 15.30 

(a) Pound for pound, organically grown 
food is cheaper to produce than con- 
ventionally grown food. Market forces, 
however, often result in organically 
grown foods costing more. (b) Á prod- 
uct can bear this USDA organic seal if 
at least 95% of its ingredients are certi- 
fied organic. lnterestingly, the annual 
U.S. sales of organic foods is projected 
to double from about $10 billion in 
2002 to about $20 billion in 2005. 


Tb protect against pests, organic farmers alternate the crops pÏanted on 
a particular plot of land. Such czøø ?ø#z2/øø works fairly well because differ- 
ent crops are damaged by different pests. A pest that thrives on one seasons 
crop of corn, for example, will do poorly on the next season crop of alfalfa. 
For fertilizer, organic farmers rely on compost, shown in Figure 15.22. 
They also include nitrogen-fxing plants in their crop-rotation schedules. 

Many claims are made that food produced organically is better for 
human consumption. Chemically, however, the atoms that plants absorb 
from synthetic fertilizers are the same as those they absorb from natural fer- 
tilizers. IÝ organically grown produce tastes any better or is more nutritious 
than conventionally grown produce, the reason likely has to do with the 
genetic strain o£ the produce or with the greater attention paid to growing 
conditions, such as the amount of water made available to plants or the 
careful control of soil pH. 

Organic farming tends to be benevolent to the environment. [n additilon 
to avoiding the potential runoff o£ pesticides and fertillzers, organic farming 
is energy-efficient, using only about 40 percent as much energy as conven- 
tional farming. A large portion of the energy savings arises because the man- 
ufacture oŸ pesticides and fertilizers is energy-intensive. For instance, cach 
year in the United States, about 300 million barrels of oil is consumed for 
the production of nitrogen fertilizers. 

Because much organically grown food, such as that shown in Figure 
15.30, ¡s prown locally, by purchasing ¡t you help support local farmers. 
Ultimately, thouph, your purchase of organically grown food is a vote In 
favor of environmenrally friendly methods of farming. 


Concept Check v 


Which are made of organic chemicals, organically grown foods or conven- 
tionally grown foods? 


Was this V0OUT answer? Regardless of whether they are grown with natural fertilizer or synthetic 
fertilizer, all foods are made of organic chemicals—carbohydrates, lipids, proteins, nucleic acids, and vita- 
mins. Ä thoroughly rinsed conventionally grown carrot may be just as good for you—-or even better—-as 
one grown without the use of synthetic fertilizers and pesticides. The organic in organic farming is a term 
used to designate a natural method of farmind. 
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Integrated Crop Management ls a Stratesy for Sustainable Agriculture 


To meet concerns about sustaining agricultural resources over the long 
term, groups from industry, government, and academia have identifed a 
whole-farm strategy called integrated crop management (ICM). This 
method of farming involves managing crops profitably and with respect for 
the environment in ways that suit local soil, climatic, and economic condi- 
tions. Ïts aim is to safepuard a farms natural assets over the long term 
through the use of practices that avoid waste, enhance energy efficieney, 
and minimize pollution. ICM is not a rigidly deRned form of crop produc- 
tion but rather a dynamic system that adapts and makes sensible use of the 
latest research, technology, advice, and experience. 

One of the more significant aspects of ICM ¡s its emphasis on multi- 
cropping, which means growing different crops on the same area of land 
either simultaneously as shown in Figure 15.31 or in rotation from season 
to season. Ás with organic farming, multicropping achieves significant pest 
control, and ¡t also can be used to improve soil fertility. For example, 
nitropen-generating crops, such as legumes, are a good complement to 
nitroeen-depleting crops, such as corn. 

An important component of ICM is integrated pest manapement (IDPM|), 
one of the aims of which ¡s to reduce the ¡nitial severity of pest infestation. 
Thịs can be accomplished throuph a number of routes. Upon starting a farm, 
for example, only crops that ít the local climate, soil, and topography should 
be grown. This selectivity makes for crops that are hardy and pest-resistanr. 
Crops should also be rotated as much as possible to reduce pest and weed 
problems. Another IPM strategy 1s growing tree crops or hedges either around 
the perimeter of a farm or interspersed throughout the farm. These trees and 
hedges provide habitat, cover, and refuge for beneficial insects and such pest 
predators as spiders, snakes, and birds. As an added benefi, the trees and 
hedges also protect the land from wind erosion. Yet another IPM strategy 1s to 
breed and cultivate plants that have a natural resistance to pests. For cen- 
turies this was accomplished by selectively mating plants that showed 
the greatest resistance. Ioday, this age-old method ¡s quickly being sup- 
planted by the techniques of genetic engineering. 

Another aim ofIPM ¡s to minimize the use of pesticides. For exam- 
ple, many farmers now use the global positioning satellite system (GPS) 
to target precise pesticide applications. sing infrared satellie photog; 
raphy, illustrated in Eigure 15.32, and careful walk-through assessment 
of Rñeld conditions, farmers can match pesticide blends with crop needs. 
Computers link application equipment with the GPS satellites, which 
“beam” pesticide application adjustments every Íew seconds as a Íarmer 
moves across a ñeld. This same technology also works well with selec- 
tive delivery of synthetic fertllizers. 

There are many other methods oÊ pest control that can be used in 
place of chemical pesticides or in combination with them to minimize 
the need for these agents. Depending on the availability of labor, eøp 
masses or larvae can be hand-picked of plants. Instead of using herbicides, 
weeds can be tilled under. An insect population can also be controlled by 
various biological approaches, such as by introducing large numbers OÊ st€T- 
ile insects into a population or by introducing natural predators, as shown 


in Figure 15.33 on page 522. 


Figure 15.31 

Complementary crops sụch as 
legumes and corn are grown in 
alternating strips to enhance soil 
fertility. The strips follow the contour 
of the land to minimize erosion from 
rainwater or irrigation. 


Figure 15.32 

Satellite images can reveal information 
about crop growth and potential pest 
infestation. The darker areas of this 
infrared satellite image show where 
corn growth has been stunted by some 
form of infestation. 
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Figure 15.33 

The almond trees on the right side 

of the road were decimated by spider 
mites. Those on the left were protected 
by the introduction of spider mite 
predators. 


Figure 15.34 

Female gypsy moths emit the phero- 
mone đisparlure (top) to entice male 
gypsy moths (bottom left) into mat- 
ing. The males are so sensitive to this 
compound that they can detect one 
molecule in 10!” molecules of air. This 
astounding sensitivity enables them 
to respond to a female who may be 
more than 1 kilometer away. However, 
they can also be tricked into respond- 
ing to insecticide traps laced with syn- 
thetic disparlure (bottom right). 


Another way to control the proliferation of insects is to modify their 
behavior through the use of pheromones, which are volatile organic 
molecules that insects release to communicate with one another. Each 
insect species produces its own set of pheromones, some as warning sipnals 
and others as sexual attractants. Sexual pheromones synthesized ¡in the lab- 
oratory can be used to lure harmful insects to localized ¡insecticide 
deposits, thereby reducing the necd for spraying an entire ñeld, as depicted 
in Figure 15.34. 


Nature 1s sophisticated, and If we are to work with nature in a sustain- 
able way, our methods must also be sophisticated. New and improved tech- 
niques provide the farmer with a menu of possible actions In response to _ 
natures ever-changing parameters. Each action, however, must be taken 
with an awareness of its potential environmental tmpact. In this sense, the 


human who farms sustainably is not dominating nature but rather working 
with it. 
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I5.8A Crop Can Be Improved by Inserting 
a Gene from Another Species 


Over the past couple oŸ decades, advances in genetic engineering have led 
to profound developments in agriculture. (See Section 13.5 for a review of 
genetic cngineering techniques.) For centuries, farmers have improved 
crops and domestic animals by breeding for desirable traits. This uncertain 
and often lengthy process can now be performed relatively quickly and with 
great certainty by using the tools of modern molecular biology to introduce 
genes for desired traits into plants and animals. The resulting organisms are 
called transgenic organisms because they contain one or more genes from 
another species. 

lransgenic bacteria have been developed to mass-produce a variety of 
valuable proteins, including bovine growth hormone (BGH). When thịs 
hormone iïs injected into dairy or beef cattle, ¡t raises milk production or 
improves weipht gain. It has passed all safety tests so far and ¡s now being 
used extensively in dairy herds. 

Most of the progress in transpenic apriculture has been with plants. Sev- 
eral major crops have been engineered with genes that create proteins having 
Insecticidal properties. The insect pest is killed only when it feeds on the crop. 
Eigure 15.35 illustrates this technique for corn. With such a mechanism, 


Bt protein 
on surface 
of corn plant 


Gene for 
Bt protein 


Corn cell 


Gene for Gene for Bt Corn plant 
Bt protein protein inserted cells produce Bt 
into corn DNA protein, which is 
in corn cell. eaten by insect. 
(b) 
Figure 15.35 


(a) The bacterium Bacillus thuringiensis (Bt) produces proteins that are tOXiC tO insects, sụch as 
the corn borer,a devastating corn pest. The external application of Bt proteins on corn, however, 
cannot control the corn borer once it is inside the stalk. (b) Corn is made resistant to the corn 
borer by splicing the gene for the Bt protein into corn DNA. The resulting corn plant produces 
the Bt protein in its cells and is thus fully resistant to the corn borer. Recent studies, however, 
have indicated that pollen from Bt corn may have adverse effects on Monarch butterflies, which 


are beneficial insects. 


523 


Bt protein within 


524 Chapter 15 Optimizing Food Production 


Figure 15.36 
Gene transfer has made sweet 
potatoes a better protein source. 


most—though not necessarily al—nontarget benevolent organisms are left 
unharmed and the need for pesticide application is reduced. Other major 
crops have been engineered with genes that make them resistant to the her- 
bicide gÌyphosate, meaning that the herbicide kills weeds in a ñeld but does- 
nt threaten the crop planted there. Researchers have also inserted a gene cod- 
¡ng for a dietary protein into sweet potato plants. Khis protein contains 
significant amounts of the eipht amino acids essential to adult humans (see 
Table 13.6). Figure 15.36 shows these protein-rich sweet potatoes, which are 
casy to cultivate and hold special value for developing nations, where high- 
quality protein foods are hard to come by. 

The examples just described all involve the transposing of onÌy one or 
a couple of genes into the transgenic organism. There are many desirable 
traits, however, that involve cÌusters of genes. An important example is the 
ability to ñx nitrogen. Intense research ¡s currently under way to transpose 
all the genes necessary for nitrogen ñxation into plants that do not natu- 
rally ñx nitrogen. With such a transgenic species, the expensive production 
and application of nitrogen fertilizers becomes unnecessary. Because many 
genes are involved, the system is complicated and currently beyond sclences 
biotechnical capabilities, but perhaps that wont be true for long. 

There ¡s heated debate about genetically engineered agricultural prod- 
ucts. Some scientists argue that producing transgenic organisms is onÌy an 
extension of traditional cross-breeding, the procedure that has given us 
such new and ¡interestine products as the tangelo (a tangerine-grapefruit 
hybrid). In general, the Food and Drug Administration has held that If the 
result of genetic engineering Is not sipniRcantly different from a product 
already on the market, testing is not required. On the other side of the 
argument are scientists who believe that creating transgenic organisms is 
radically different from hybridizing closely related specles of pÏants or ani- 
mals. There is concern, for example, that genetically engineered crops 
mipht grow too well, ultimately reseeding themselves in areas where they 
are not đesired and thus becoming “superweeds.” Transgenic crops mipht 
also pass their new genes to close relatives in neighboring wild areas, creat- 
Ing offspring that would be difficult to control. 

Worldwide, more than 75 million acres ¡is cultivated with transgenic 
crops cach year. Âs a result, about one-third of the world corn harvest and 
more than one-half of the world soybean harvest now come from geneti- 
cally engineered plants. Stay tuned for developments in the area oÝ trans- 
genic agriculture, such as the development of the golden rice discussed at 
the beginning of this chapter. This form of agriculture holds much prom- 
Ise. The power of genetic cngineering, however, demands that we move 
cautiously, with all necessary safeguards in place. One of the more impor- 
tant safeguards, no doubt, will be a well-informed general public. 


In Perspecfive 


Within a century, the Earth may have 12 billion inhabitants, about twice 
as many as it has now. IÝ projections made by demographers are correct, the 
human population will be approaching a stable level by then, just as the 
populations of many developed nations already have. Will we be able to 


feed ourselves when this steady state is reached? The answer is probably yes, 
but potentially only for a while. Even ¡f world food productlon were to 
grow more slowly than at the current rate, there would still be enough food 
for 12 billion mouths by the time they arrive. 

Hlowever, not only must the food supply expand, but it must expand in 
a way that does not destroy the natural environment. For agriculture to be 
sustainable, a steady stream of new technologies that minimize environ- 
mental damage must be developed. 

The most critical problems faced by those seeking to counteract world 
hunger are more likely to be social rather than technical. Above all, eforts 
toward stabilizing the world population must continue ¡n earnest. The size of 
our planet ¡s limited, and practically all the worlds farmable land is now 
under cultivation. As the population ørows, more food will be required, while 
at the same time more farmable land will be lost to residential and business 
development. In tropical areas, economic pressures to slash and burn rain- 
forests for the Íormation of additional farmland will probably continue. 

Even with a stable world population, ¡it cannot be assumed that a 
large-enoupgh food supply will lead to the end ofworld hunger. Today, the 
abundance of food is at an all-time high, and yet an estimated 8.7 million 
individuals, most of them young children, die cach year from a lack of 
adequate nutrilon. Amartya Sen, a leader ¡n the fñght agatinst world 
hunger and the 1998 Nobel laureate in economics, points out that in 
most circumstances, malnutrition arises not from a lack of food but from 
a lack of appropriate social infrastructure, as the graph of Figure 15.37 
shows. Backed by strong evidence, Sen argues that “public action can 
eradicate the terrible and resilient problems of starvation and hunger In 
the world ¡in which we live.” Efforts toward optimizing the food yields 
from agriculture must therefore be matched by efforts to build social, 
political, and economic systems that give those facing starvation the 
means for survival. World hunger is not inevitable. 
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The Bangladesh famine of 1974 occurred during a period when the amount of food available 
per person in that country was at a peak. lt was unemployment, hoarding, and inflated food 


prices that drove millions to their death. 
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Amartya Sen, professor of economics 
at Trinity College, Cambridge, England, 
is well known for his work in the eco- 
nomics of poverty and famine. 
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Key Terms and Matching Definitions 


14. 


T5. 


apriculture 

bioaccumulation 

Compost 

consumer 

decomposer 

humus 

Inteprated crop management 
Inteprated pest management 
mICrOirrigatlon 

mixed fertllizer 

nitroeen ñxation 

Organic farming 

pheromone 

producer 

salinization 

soil horizon 

straight fertilizer 

transgenIc organism 

trophic structure 


- The organized use of resources for the produc- 


tion of food. 


. The pattern of feeding relationships In a com- 


munity 0£ organisms. 


. An organism at the bottom of a trophic struc- 


Cufe. 


. An organism that takes in the matter and 


energy o£ other organIsms. 


. An organism ¡n the soil that transforms once- 


living matter to nutrients. 


. A chemical reaction that converts atmospheric 


nitrogen to some form oÊ nitrogen usable by 
plants. 


.A layer of soilL 

. The organic matter of topsoll. 

- Fertlizer formed by the decay oÊ organic matter. 
. Â fertilizer that contains only one nutrient. 

._A fertillizer that contains the plant nutrients 


nitrogen, phosphorus, and potassium. 


._ The process whereby a toxic chemical that 


enters a food chain at a low trophic level 
becomes more concentrated in organisms higher 
up the chain. 


. The process whereby irrigated land becomes 


saltier as the irripation water evaporates. 

A method of delivering water directly to plant 
TOOES. 

Farming without the use of pesticides or syn- 
thetic fertil1zers. 


16. 


lS, 


DU 


A whole-farm strategy that involves managing 
crops in ways that suit local soil, climatic, and 
economic conditions. 

A pest-control strateey that emphasIzes preven- 
tion, planning, and the use of a variety of pest- 
control resources. 

An organic molecule secreted by Insects to 
communicate with one another. 

An organism that contains one or more øenes 
from another species. 


Review Quesftions 
Humans Eat at All Trophic Levels 


LỆ 


WWhat are the two major chemical products of 
photosynthesis? 


. In a trophic structure, what disunguishes a pro- 


ducer from a consumer? 


. Why are the number of trophic levels limited? 


4. What happens to most biochemical energy as It 


p2sses from one trophic level to the next? 


Plants Require Nutrients 


Sỹ 


Nhat is the major natural source of the nitro- 
gen used by plants? 


6. Do plants require oxygen? 


7. What is the major natural source of phosphorus 


in soil? 


. What effect have terrestrial plants had on the 


Composition of ocean water? 


. Why are calcum and magnesium deficiencies 


rare In plants? 


. Nhat 1s the most common form of suÏfur 


absorbed by plants? 


Soll Fertility ls Determined by 
Soll Structure and Nutrient Retention 


bi 
l2 
LỘ) 


14. 


Nhat are the three soil horizons? 
\hich horizon ¡s void of life? 


Nhat are four important components of fertile 
topsoll? 


What is one of the great advantages to having 
humus in soil? 


Natural and Synthetic Fertilizers Help Restore Soil Fertility 


15. What process is used to generate most synthetic 
nitrogen fertiÌizer? 


16. What is the difference between a straipht fertil- 
1zer and a mixed fertilizer? 


17. What advantases do mixed synthetic fertilizers 
have over compost? 


18. What advantages does compost have over mixed 
synthetic fertilizers? 


Pesticides Kil[ Insects, Weeds, and Fungi 

19. Name three kinds of pesticides. 

20. What are three classes of insecticides? 

21. Is DDT still being used today? 

22. Which herbicide tends to kill weeds in their 


sprouting phase? 


23. Glyphosate Interferes with the biosynthesis of 
which two amino acids? 


There Is Much to Learn from Past Agricultural Practices 


24. How do pesticides and fertilizers end up In our 
drinking water? 


25. What ¡s missing from synthetic fertilizers that 
makes them harmful to soil? 


26. How is irrigation damaging to topsoll? 


High Agricultural Yields Can Be Sustained 
with Proper Practices 


27. What are the advantages OÊ microirrigation? 
28. What Is orpanic farming? 


29. WWhat role did organic farming play ¡n the 
development of integrated crop management‡ 


30. How ¡s space technology used to reduce the 
amount oÊ pesticides applied to farmlands‡ 


31. How are pheromones used to diminish insect 
populatlons? 


A Crop Can Be Improved by InsertIng 
a Gene from Another Spedles 


32. What type of biomolecule is generated by a genc? 
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33. How mipht a transgenic plant reduce the 
amount of pesticide needed for crop protection? 


34. Why is ít so difRicult to develop a transgenic 
corn varlety that ñxes irs own nitrogen? 


35. What harm mipht a transgenic plant bring to 
the environment? 


In Perspective 
36. What ¡s the present world population? 


37. About how many people die cach year from 
hunger-related causes? 


Hands-On Chemistry Insights 
Soil pH—A Qualitative Measure 


The soil particles adsorb the red pigment, which ¡s 
why it Is Important to remove as much suspended 
solid matter as possible from the water before you add 
your ¡ndicator. Any soil particles suspended ¡in the 
warer wilÍ cause the Indicator to turn blackish. 

Thịs procedure gives only a rouph approximation 
of the soil pH. More quantirative do-it-yourself soil 
pH measuring kits are avallable at your local garden- 
Ing StOFe. 


Cleaning Your Insects 


The advantages of using soap or detergent to kiÌ 
insects are that these materials are Inexpensive, easily 
washed away, and environmenrtally friendly. The dis- 
advantages are that they are not selective for harmful 
insect pests over benefcial ones. Also, they work only 
by direct contact, and the plant must be wiped clean 
once the pests are destroyed; getting rid o£fall the soap 
can be difficult IÝ you are using a concentrated solu- 
tion. Lastly, they have no lasting Insecticidal effect. 

Interestingly, the ñne network of spiracles 1s what 
limits the size of insects. fan insect were any heavier, 
irs weipht would collapse all the tiny channels. Ïn pre- 
historic times, hipher atmospheric concentrations of 
oxygen permitted the evolution of much larger 
insects, such as the l-meter-long dragonfies often 
depicted in dinosaur books. 


ExerCISeS 


1. Thorouphly dried dead plant material is 44.4 
percent oxygen by weight. How ¡s this oxygen 
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held in the plant so that ï ịt doesnt escape Into 
the atmosphere? 


. What would happen to a forest without the 


action o£ decomposers? 


. Why ¡s the number oÊ 7777052715 rex fOssiÌs 


found so much lower than the number of fossils 
found for other dinosaurs? 


. Why would a predominately meat-based diet 


be a severe. restriction on the possible size of the 
human population? 


. How does humus contribute to the acidity of 


soil? 


.- Why do groundskeepers poke holes in football 


ñelds? 


. Pockets of open space ¡n soil are necessary for 


plant health. If these pockets are too large, 
however, plant health suffers. Why? 


- The use of tractors and other heavy farm 


machinery compacts soil. How mipht this com- 
pacting affect soil fertlity? 


. Why do soils that contain a high percentage of 


clay retain plant nutrients so welÏ? 


Why dont plants grow well in nutrient-rich 
solls that contain a high percentage of clay? 


.. What happens to ammonium Ions in alkaline 


soll, and how mipht this reaction favor the Ìoss 
O nitroegen from the soil? 


Why do the leaves of plants delcient in nitro- 
gen turn yellow? Consider the structure of the 
porphyrin ring shown In Figure 15.6. 


How does the organic bulk of compost heÌp to 
maintain fertile soil conditions? 


Why does DDT have such a strong aflnity for 
fat tissue? 


WWhen only synthetic fertilizers are used on a 
crop, the quantity used needs to be increased 
over time. Why? 


Earthworms are repelled by the hiph concen- 
tratlons of nutrients in soils treated with syn- 
thetic fertilizers. How mipht this affect the soil 
structure? 


Shown below are the N-P-K ratings for three 
fertilizer additives: sawdust, fñsh meal, and wood 


18. 


E, 


20. 


21. 


22. 


225), 


24. 


Đào) 


20 


2A 


2 


ashes. Using what you know about the chemical 
composition of these substances, assign each to 
its most likely N-P-K rating. 


3-3-3 0-1.5-8 0.2-0-0.2 


How mipht periodic foods from rainstorms 
beneft irrigated cropland? 


Which 1s better for a plant: an ammonium Ion 
from compost or an ammonium ion from syn- 
thetic fertilizer? 


Distinguish berween organic farming and inte- 
grated crop management. 


WWhy does organic farming exclude the use of 
pesticides when pesticides themselves are orpanic? 


Why is it beneRcial to grow two or three crops 
simultaneously in the same ñeld) 


Many farmers in the United States are paid by 
the government not to farm therr land. Based 
on your understanding of the concepts pre- 
sented In this chapter, cite one reason why this 
might be so. 


Besides luring Insects to an insecticide how else 
mipht pheromones be used to decrease insect 
populations? 


Why are advances In øenetic engineering so 
sipniicant to agriculture? 


WWhat are the chances that you have already 
Iingested a product made from a transpenic 
Orøanism? 


How might genetic engineering be used to 
counteract the negative effects of salinization? 


Why mipht a $W€€L POtAtO plant genetically 
engineered for a hipher protein content have a 
greater Intolerance for nitrogen-poor soils? 


Discusslon TopIcs 


l 


NWhat are the benefits of eating orpanisms low 
on the food chain? hat are the benefits of eat- 
¡ng higher up on the food chain? Identify these 
benefits as being for the entire human popula- 
tion or for an individual person. 


.- Should organically grown food that has 


been irradiated to kilÏ pathogens be permitted 


to carry the label “organic”? How about a crop 
grown organically but from transgenic seeds? 


WWhy or why not? 


. Should transgenic foods be labeled as such 
In the stores where they are sold? Why or 
why not? 


. Should there be an international ban on the 
production and use of DDT? Why or why not? 


.- The caption to Figure 15.30 notes that market 
forces often result in hipher prices for organi- 
cally grown foods. Identify some of these mar- 
ket forces. 


- You are a Brazilian farmer looking to clear-cut 
a rainforest to make room for cattle pasture. 
An environmental activist from the predomi- 
nately beef-eating United States comes knock- 
¡ng at your door and tries to convince you not 
to cụt. hat are some of the areuments the 
activist might present, and what counterargu- 
ments can you think of for proceeding with 
your plan? 


7. Are you willing to drink miÌk from a cow 


whose milk production has been increased 
by injections o£ bovine growth hormone? 
Does ít matter to you that this bovine growth 
hormone was created by transgenic bacteria? 


Why or why not? 


8. Why is growing more food not necessarily the 
solution to world hunger? 


Exploring Further 


http://www.croplifeamerica.org 


The home page of Crop Life America, formerly 
the American Crop Protection Âssoclation, 
which was established to represent companIes 


that produce, sell, and distribute chemicals used 


for crop protectlon. 


http://www.epa.gov 


Use the search engine at this site for the Envi- 
ronmental Protection Agency to find numerous 
articles related to pesticides, iñcluding articles 
on the recovery of contaminated ecosystems. 
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http://www.nrcs.usda.gov 
Home page for the Natural Resources Conser- 
vation Service of the U.S. IDepartment of Agri- 
culture. The mission of this department 1s to 
help people conserve, Improve, and sustain our 
natural resources and environment, 


http://www.thp.org 
Home page for The Hunger Project, an interna- 
tonal agency dedicated to ending world hunger. 


http://www.cspinet.org 
The Center for Science in the Public Interest is 
a nonprofit educational and advocacy organiza- 
tion that focuses on Improving the safety and 
nutritlonal quality o£ our food supply. 


http://cipotato.org 
The International Potato Center, khown world- 
wide by its Spanish acronym CTIP, sees the 
potato and other Andean root and tuber crops 
as underexploited resources for agricultural 
development and hunger relief in developing 
countries. Founded in 1971, CIP has worked to 
enhance the cultivation, yIeld, processing, and 
consumption of potatoes. Ïts oripinal mandate 
was expandcd to include sweet potatoes and, 
more recently, other Andean roots and tubers in 
danger of extinction. 


http://www.ams.usda.gov/nop 
Check out the details of the USDAšS program 
for certifying organic foods. They claim that 
this program will heÌp safepuard agatnst cre- 
atively worded packages that identify a product 
as orpeanic when only a few Ingredients are. 
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Saline water in 
oceans: 97.2% 


: lce caps and 
„g”. glaciers: 2.14% 


Z2 882 š Available fresh 
Our Roles and Responsibilities "UN"ẽ. ~ 


About 97.2 percent of the Farths water is saline (salty) ocean water. 
Another 2.14 percent is fresh water frozen in polar ice caps and glaciers. All 
the remaining water, less than 1 percent of the Earth5s total, comprises 
water vapor in the atmosphere, water in the ground, and water in rivers 
and lakes—the fresh water we rely on in our daily lives. 

lf you have ever stood on the shore of one of the Great Lakes or experi- 
enced the power of a waterfall or been caught in a rainstorm, it may seem to 
you that the supply of fresh water on the Earth is inexhaustible. From the 
perspective of one person, it is. Qur population, however, has grown to more 
than 6 billion people. lf we were to spread ourselves evenly across all habit- 
able lands, there would be about 50 of us in every square kilometer. Thus it 
should come as no surprise that collectively we have a significant impact on 
the Earths relatively limited resources, such as fresh water. 

- We are reminded daily that fresh water is a limited resource. In the United 
States, we see the signs of water shortage when farmers fight for the privi- 
lege to irrigate, when our water utility bills rise, or when the water supply of 
downstream municipalities is endangered as upstream municipalities release 
sewage into the water. Globally, there are many nations in which the primary 
supply of fresh water is rivers that originate in some other nation. As the 
upstream nation diverts fresh water for its own expanding population, 
political tensions rise. Over the next decade, for example, it is projected that 
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agricultural development in Ethiopia and Sudan will reduce the Nile River flow to 
Egypt by 15 percent. Similarly, Turkey is currently escalating its damming and irri- 
gation projects along the headwaters of the Euphrates River. Ônce fully imple- 
mented, these projects could result in a 40 percent reduction of river flow into 
Syria and an 80 percent reduction of river flow into lraq. Not surprisingly, this 
issue has been a major source of political tension among these nations. 

In this chapter,we explore some of the fundamental dynamics of fresh water 
resources, the chemistry used to treat and protect these resources, and the impact 
human activity has on them. 


161  Water Circulates Through the Hydrologic Cycle 


The Earths water is constantly circulating, powered by the heat of the sun 
and the force of gravity. The sun§ heat causes water from the Earths oceans, 
lakes, rivers, and glaciers to evaporate Into the atmosphere. As the atmo- 
sphere becomes saturated with moisture, the water precipitates in the form 
or either rain or saow. This constant water movement and phase changing 
¡s called the hydrologic cycle. As Figure 16.1 shows, the route of water 
through the cycle can be either from ocean directly back to ocean or a more 
circuitous route over the pround and even underground. 

In the direct route, water molecules in the ocean evaporate into the 
atmosphere, condense to form clouds, and then precipitate into the ocean 
as either rain or snow, to begin the cycÌe anew. 

The cycle ¡is more complex when precipitation falls on land. As with 
the direct route, the cycle “begins” with ocean water evaporating into the 
atmosphere. Instead of forming clouds over the water, however, the moist 
air 1s blown by winds until it is over land. Now there are four possibilities 


Figure 16.1 

The hydrologic cycle. Water evaporated at the Earths surface enters the atmosphere as water 
Vapor, condenses into clouds, precipitates as rain or snow, and falls back to the surface, only 
to go through the cycle yet another time. 
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for what happens to the water once it PrecIpitates. Ít may (I) evaporate 
from the land back into the atmosphere, (2) infiltrate the ground, (3) 
become part of a snow pack or glacier, or (4) drain to a river and then back 
to the ocean. 

Nater that seeps below the Earth§ surface flls the spaces between soil 
parttcles until the soil reaches s2/z2/7øø, at which poInt every space ¡s filled 
with water. The upper boundary of this saturated zone is called the water 
table. The depth of the water table varies with precipitation and with cÌ¡- 
mate. Ít ranges from zero depth in marshes and swamps (meaning the water 
table is at ground level at these locations) to hundreds of meters deep In 
some desert regions. The water table also tends to follow the contours of 
the land and lowers during times of drought, as shown in Figure 16.2. 
Many lakes and streams are simply repions where the water table lies above 
the land surface. 

All water that is below the Earth surface ¡s called gzøzzøzzz. (Liq- 
uid water that ¡is on the surface——in streams, rivers, and lakes—is called, 
naturally enough, s⁄z/2ee 0z/er.) Any water-bearing soil layer ¡s called an 
aquifer, which can be thought of as an underground water reservoir. 
Aqulfers underlie the land in many places and collectively contain an enor- 
mous amounrt of fresh water——approximately 35 times the total volume of 
water ¡n freshwater lakes, rivers, and streams combined. More than haÏf 
the land area of the United States is underlain by aquifers, such as the 
Ogallala Aquifer stretching from South Dakota to Texas and from Col- 
orado to Arkansasl 

As populations grow, the demand for fresh water grows. Precipitation 
1s the Earths only natural source of groundwater recharge. Althouph the 
r€servoir of groundwater Is great, when the pumping rate exceeds the 
recharge rate, there can be a problem. In wet climates, such as ¡n the 
Paciic Northwest, extraction ¡s often balanced by recharge. In dry cÌi- 
mates, however, extraction can casily exceed recharge. Ío support laree 
populations, these areas must import their water from distant sources, typ- 
Ically through aqueducts. In southern California, for example, most of the 
fresh water comes from the Colorado River through aqueducts that stretch 
hundreds of miles. 


Normail water 
table 


Water table 
| during drought 


Figure 16.2 
The water table in any location roughly parallels surface contouring. In times of drought, the 


water table falls, reducing stream flow and drying up wells. |t also falls when the amount of 
water pumped out of a well exceeds the amount replaced as precipitated water infiltrates 


the ground and recharges the supply. 
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Figure 16.3 

The Leaning Tower of Pisa, built cen- 
turies ago, slowly acquired a deviation 
from the vertical of about 4.6 meters 
as a result of groundwater withdrawal. 
The tower's foundation has been sta- 
bilized by groundwater withdrawal 
management, and the tower should 
remain stable for years to come. 


The Ogallala Aquifer, which is below the dry High Plains, has supplied 
water to this thirsty agricultural region for more than 100 years. Most of 
the aquifer is water that has been locked underground for thousands of 
years, however, with few sources of replenishment. Jf pumping were to 
cease, it would take thousands of years for the water tabÌe to return to ItS 
original level. In this respect, the Ogallala, unlike most other aquifers, 1s a 
limited and nonrenewable resource. espite its vast size, withdrawal has 
been so great in the past 20 years that the area of farmland serviceable by 
the Ogallala has decreased by about 20 percent. 

As water is removed from the spaces between soil particles, the sedi- 
ments compact and the ground surface is lowered-—it s⁄s/2ã. Ïn areas 
where groundwater withdrawal has been extreme, the ground surface has 
subsided signifcantly. In the United States, extensive øroundwater with- 
drawal for irrigation of the San Joaquin Valley of California has caused the 
water table to drop 75 meters in 20 years, and the resulting land subsidence 
has been signiRcant. 

Probably the most well-known example of land subsidence ¡s the Lean- 
¡ng Tower of Pisa in Italy, shown in Figure 16.3. Over the years, as ground- 
water has been withdrawn to supply the growing city, the tiÌt of the tower 
has Increased. 


Concept Check v 


An aquifer is a body of underground fresh water. Where does this water 
come from? 


Was this Y0UuF anSWefF? The source of all natural underground (and aboveground) fresh water is 
the atmosphere, which gets most of its moisture from the evaporation of ocean water. 


16.2 Collectively, We Consume Huge Amounts of Water 


The U.S. Geological Survey (USGS) bepan compiling national water-use data 
¡in 1950. Since then, this federal agency has been conducting surveys at five- 
year Intervals. According to their 1995 report, the rate at which water enters 
all Ú.S. aquifers combined ¡s about 6790 billion liters/day.* In 1995, we were 
withdrawing water from these aquifers at an average rate of 1291 billion 
liters/day, meanineg we were taking out about 20 percent of the available vol- 
ume cach day. As shown In Eigure 16.4, the bulk of this water was used for 
1rrigation and as a coolant in the generation of thermoelectric power. 

The numbers in Figure 16.4 tell us that, based on a population of 267 
million, the 1995 per-person water usage ¡n the United States was 4835 
liters/day (1291 billion liters/day ~ 267,000,000 persons). Each person 
personal use was 8 percent of that amount, which comes to about 390 


*“These reborts are made every five years, but it takes several years to compile and 
cross-check the data. Thus, at the time of the printing of this textbook, the data for 
2000 was not yet available. To check on the status of the year 2000 report, go to 
http://Water.usgs.gov/watuse. 
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liters/day. However, only about one-fourth of that 390 liters is water W€ CN 
etther drink or use to water our lawns or gardens. The other threc- XS An). 
fourths—about 290 liters—becomes household wastewater from our Municipal 
bathtubs, toilets, sinks, and washing machines. r2) 
Ít may seem that because we consume only about 20 percent of 
the fresh water available to us that there is little need to conserve. 
This percentage, however, is only an average. Ín many drier 
Teplons of the western United States, water usage already exceeds 
the rate at which aquifers in the region are recharged. In Albu- 
querque, New Mexico, for example, escalating water consumption 
has caused the underlying aquifer to drop by about 50 meters over 
the past 40 years. In response, the local government is seeking a 30 CS 
percent reduction in water usage in the next decade. Such a reduction — se (3%) 


lrrigation 
507 (39%) 


Thermoelectric 


would reduce the water demand by about 140 million liters/day and về: 1n power 499 (38%) 
bring water usage to sustainable rates. 

The quality of fresh water varies from one region to another. Deep Figure 16.4. : 
water deposits, for example, are often hiph in dissolved solids. So, evenin — Waterusagein the United States 


: : : TT (1995) in billions of liters per day. 
replons where fresh water is plentiful, itfs important to conserve water to 


help protect that smaller portion of the water supply that is of ØT€at€St 
purtty. Furthermore, we are not the only species that relies on fresh water. 
Many ccosystems, such as lakes and wetlands, are already stressed by our 
increasing water demands. ÑWater conservation can go far to alleviate this 
stress even in the face of our prowing population. 

According to the USGS, there is good news regarding water conserva- 
tion eforts in the United States. As shown in Figure 16.5, total water with- 
drawal peaked in 1980 at around 1420 billion liters/day. By 1995, however, 
the withdrawal rate had declined to 1300 billion liters/day even though the 


E] Groundwater 
[E] Surface water 
Total 


= - đổ 
li 
"4. .@ả 4 “ `” 


Figure 16.5 
Total withdrawals of fresh water increased from 1950 to 1980 largely because of expanded irri- 


gation systems and urban developments. After 1980, however, conservation measures reduced 
water usage even in the face of a growing population. 
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Hands-On Chemistry: Water Wiser 


In this activity, you will measure the water flow rate in your bathroom and use 
this rate to estimate the amount of water you use for personal hygiene per day. 


What You Need 


Ruler calibrated in centimeters, bucket, 500-milliliter measuring cup, clock or 
watch with second hand 


Procedure 


(0 Flushing: Calculate the volume of the water in your toilets tank by mul- 


tiplying three dimensions: distance across front of tank times front-to- 
back distance times height of water in tank, using units of centimeters. 
(Determine the water height by removing the lid from the tank, esti- 
mating how many centimeters below the top of the tank the water 
level is, and subtracting this distance from the total tank height.) 
Divide the number you calculate by 1000 to convert cubic centimeters 
to liters. Alternatively, shut off the water valve to the toilet, flush to 
empty the tank, and then fill to the normal fill-line using the measur- 
ing cụp and keeping track of how much water you add. This is the 
amount of water used each time you flush. The number of liters you 
flush each day is therefore 


Volume of water Average number of Volume of water 
used per flush flushes per day used per day 
__ L/ush x flushes/day = L/day 


(2) Shower/bath: Use the measuring cụp to add 1 liter of water to the 


bucket. Mark the water level and then pour out the water, preferably 
over some plants. Turn on the shower or bath to a typical flow and 
time how many seconds it takes to fill the bucket to the marked level. 
(lf you are running the shower, make sure the bucket is positioned to 
catch all the water that comes out. You may have to hold the bucket 
close to the shower head to accomplish this.) Your volume——1 liter— 
divided by this many seconds is the flow rate in liters per second. To 
convett to liters per minute, multiply this value by 60 seconds/minute. 
For instance, if it takes 5 seconds to collect 1 liter of water, the fÌow 
rate is 


1L 60s 


5s 1min 


=12L/min 


Next time you shower or bathe, note how many minutes you have the 
water running, and then calculate the volume of water consumed: 


Rate of Duration of water Volume of water 

water flow flow per day used per day 
".. : 

——=.. x min/day = _ L/day 


min 
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(3) Bathroom sink activities: Turn on your bathroom sink faucet to a typical flow 
rate and measure the number of seconds it takes to fll the measuring cup. 
(Recall that 500 milliliters equals 0.5 liter.) Log the number of seconds you have 
the faucet running at this rate over the course of the day as you wash, brush 
your teeth, or shave, and then calculate the volume you%ve used: 


Rateof _ Duration of water Volume of water 
water flow flow per day used per day 
L 
Tế ===ezrniiitil x —_ day = _—__ L/day 
S 
@® Add up your total bathroom water usage for the day: __ L/day 


population grew from 230 million to 267 million over the same time period. 
Thịs remarkable savings in fresh water was largely the result ofimproved irri- 
gatlon techniques (Secton 15.7), but enhanced public awareness oŸ water 
f€sources and conservation programs was also a contributing factor. 


I6.5  Water Treatment Facilities 
Make Water Safe for Drinking 


WWater that 1s safe for drinking is said to be 2ø/2/. In the United States, 
potable water is currently used for everything from cooking to fushing toi- 
lets. The first step In producing potable water from natural sources is to 
remove any dirt particles and pathogens, such as bacteria. Figure 16.6 
shows how this is done by mixing the water with slaked lime and aluminum 
sulfate, which coagulate Into gelatinous aluminum hydroxide. The alu- 
minum hydroxide starts out disperscd all through the water, but sÏow stir- 
ring causes it to clump and settle to the bottom of the basin, carrying with 


2C a(()E1)› + Al;(SO¿); = 2AI(OH); + 22 G0218) CÚ 


Slaked lime Aluminum Aluminum 


-TREERIGI Aluminum sulfate hydroxide 
sulfate hydroxide (qelatinous) 


Impurities in water @ Slaked lime and aluminum @) lmpurities captured @) Gelatinous aluminum 
sulfate added to water react by aluminum hydroxide hydroxide and impurities 
to form gelatinous aluminum as Ìt settles. collect at bottom of basin. 
hydroxide. 

Figure 16.6 


Slaked lime, Ca(OH)z„ and aluminum sulfate, Al›(SOx)s, react to form aluminum hydroxide, 
Al(OH)a, which forms a gelatinous material used to capture impurities. 
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Figure 16.7 

Volatile impurities are removed from 
drinking water by cascading it through 
the columns of air within each of these 
stacks. 


Potable 
water OUt 


¡t many of the dirt particles and bacteria. The water 1s then fñÏ- 
tered through sand and gravel. 

To improve odor and favor, many treatment facilitles 27 
z/e the water by cascading ít through a column oŸaïr, as shown 
in Eigure 16.7. Âeration removes many unpleasant-smelling 
volatile chemicals, such as sulfur compounds. Aeration also 
removes the radioactive gaseous element radon, Rn, which 
occurs naturalÏy in many water sources, especially groundwater. 
At the same time, air dissolves in the water, giving it a better 
taste (without dissolved air, water tastes fat). As a final step, the 
water is treated with a disinfectant, usually chỈorine gas, Cl;, 
but sometimes ozone, ©s, and then stored ¡n a holding tank 
that feeds into distribution pipelines. 

Developed nations have the technology and ¡infrastructure 
to produce vast quantities of potable water, and as 4 result, many citlzens 
take their drinking water for granted. The number of water treatment faciL- 
iies in developing nations ¡s relatively small, however. In these locatlons, 
many people drink their water in the form of a hot beverage, such as tca, 
which is disinfected throuph boiling. Alternatively, disinfecting iodine 
tablets can be used. However, fuel for boiling and tablets for disinfecting are 
not always available. As a result, more than 400 people (mostly children) die 
every hour from such preventable diseases as cholera, typhoid fever, dysen- 
tery, and hepatitis, which they contract by drinking contaminated water. [n 
response, several U.S. manufacturers have developed tabletop systems that 
bathe water with pathogen-killing ultraviolet lipht. One model, shown in 
Figure 16.8, disinfects 60 liters per minute, and weiphs about 7 kilograms. 

Aside from pathogens, untreated water from wells or rivers may contain 
toxic metals that seep into the water from natural geologic formations. 
Many of the wells in Bangladesh, for example, are dug deep so as to be free 
of the pathogens that run rampant in the surface waters of this repion. The 


lmpure or 
contaminated 
„ Water in 


UV light sources 


Water flow 


Figure 16.8 


Small-scale water disinfecting units, sụch as the one shown here, hold great value in regions of 
the world where potable water is scarce. 
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Oxidation Fe ——> Fe2T + 2e” 


Water soluble arsenate 
Water contaminated ion,HAsO,Ÿ 


with arsenate ions 


Orthoarsenous acid, 
H;AsO._,trapped 
by sand 


Long pipe 


ô ì ô 
Decontaminated water ——” 


Reduction HAsO/7~ +4H + 2e —> J5 Í 9 10 =E HạAsO;~ 


Arsenate Orthoarsenous 
lon acid 


Figure 16.9 

A method for removing arsenic from well water. The water is filtered through a long pipe 
filled with iron filings and sand. Water-soluble arsenate ions gain electrons from metallic iron 
to form less-soluble orthoarsenous acid, which gets trapped by the sand and does not exit 
the pipe. 


water obtained from these deep wells, however, is highÌly contaminated with 
arsenic. The source of this arsenic 1s the underlying rock, which formed from 
river sediments carried down from the Himalayas. Because this replon ¡s so 
densely populated, as many as 70 million people may be subJect to some 
level of arsenic poisoning, which manifests itself as skin lesions and a higher- 
than-normal susceptibility to cancer. Low-cost methods for removing 
arsenic from well water are being developed. Eigure 16.9 shows a method 
that involves passing contaminated water through a long pipe filled with a 
mixture of iron filings and sand. As the water passes through the pipe, the 
iron reduces arsenic from water-soluble arsenate Ions to orthoarsenous acid, 
which binds with sand particles and is thus removed from solution. 


Concept Check v 


At a water treatment facility,chemicals are added to water to purify it. As 
you learned in Chapter 2, however, adding anything to water makes the 
water less pure. This being true, how can ađding chemicals increase the 


purity of the treated water? 


Was this Yy0ur anSW€FT? The water coming into a treatment plant is usually a heterogeneous mix- 
ture containing suspended solids. The chemicals added capture these suspended solids, which then sink 
to the bottom and are easily removed. The water therefore contains fewer materials, and so its purity has 


been increased. 
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Figure 16.10 

Saudi Arabia is the worlds leading pro- 
ducer of desalinized water. lts desalin- 
ization plants, such as the one shown 
here, together have a generating 
capacity of about 4 billion liters a day. 


16.4 Fresh Water Can Be Made from Salt Water 


With the depletion of natural sources of fresh water in many reglons, there 
has been growing interest in techniques capable oŸ generating fresh water 
from the Earth far larger reserves of seawater or from /z⁄zc&/s (moderately 
salty) groundwater. Removing salts from seawater or brackish water 1s called 
ázsaljwization, a process carried out in large installations such as the one 
shown in Figure 16.10. Worldwide, desalinization plants operate In about 
120 countries and have a combined capacity to produce about 16 billion 
liters a day. In many arcas of the Caribbean, North Africa, and the Middle 
East, desalinized water is the main source of municipal supply. In the 
United Srates, more than 1000 desalinization plants have a combined 
capacity of more than 400 million liters per day. Most of the treated water 
in the United States is used for industrial purposes and comes from brack- 
¡sh sources or from water h¡iph in dissolved minerals. 


The two primary methods of removing salts from seawater or brackish 
water are distillation and reverse osmosis. These techniques are also highly 
effective in removing a host ofother contaminanrs, such as hard-water Ions, 
pathogens, fertilizers, and pesticides, and so are also used to purify fresh 
water. Many brands of bottled water, for example, are fresh water that has 
been treated by either distillation or reverse osmosis. 

As noted in Section 2.4, distilation Involves vaporizing a liquid and 
then condensing the vapors to puriRed liquid. More than 60 percent of the 
worlds desalinized water ¡s produced in this way. Because water has such a 
híph heat of vaporization, however, this technique is energy-intensive. 
Today, most distiling plants heat the water by burning large quantities of 
fossil fuels and so generate levels of pollution that are excessive relative to 
the volume of fresh water produced. A solar distiler, shown in Eigure . 
16.11, avoids the burning of fuels but requires about Ì square meter of sur- 
face area to produce 4 liters of fresh water per day. For a sinele home or 
small village, this surface area requirement may be easily accommodated. 
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Black 
Salt silicone 
Water lining 


Figure 16.11 


These solar distillers are popular in remote communities along the Texas-Mexico border 
where the waters from the Rio Grande basin are saline and tainted by agricultural chemicals. 


For larger urban areas where land is scarce, solar distillation is less practical, 
especially when the maintenance costs of vast fields of solar distillers are 
taken Into account. 

Ïn many regions of the word, reverse osmosis is the preferred method of 
desalinization. In order to understand reverse osmosis, you must first under- 
stand osmosis, which ¡s the net flow of water molecules from a region where 
the concentration of some solute (or solutes) is lower (or zero) to a region 
where the solute concentration is hipher. As Figure 16.12 shows, this fow is 
across a semipermeable membrane, defined as one containing submicro- 
scopic pores that allow the passage of water molecules but not of any solute 
particles lareer than a water molecule. 
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xẻ š h Ả. è W7 Osmosis. The submicroscopic pores of a semipermeable membrane 
w ề : © allow only water molecules to pass. Because there are more water 
& Â _ œ ©Ả molecules along the freshwater face of the membrane than along 


the solution face, more water molecules are available to migrate 


Fresh water Solution into the solution than are available to migrate into the fresh water. 
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WWhen fresh water is separated from salt water by a semipermeable mem- 
brane, the rate at which water molecules pass from the fresh water into the 
salt water is higher than the rate at which they pass from the saÌt water into 
the fresh water. The reason is that there are more water molecules along the 
freshwater face of the membrane than along the saltwater face. 

The result oŸ osmosis is an increase in the volume of the salt water and a 
decrease in the volume of the fresh water. These changes in volume cause a 
buildup in pressure, called øs/zø/ic øz¿ssre. For the system in Figure ]6.13a, 
osmotic pressure is a consequence of the salt waters greater height. Thịs pres- 
sure builds as water molecules move across the membrane from fresh to saÌt, 
and the volume of the saÏt water continues to increase. The greater pressure 
on this side forces some water molecules to move across the membrane from 
sat to fresh, against osmosis. Eventually, the rate at which water molecules 
pass from salt to fresh is the same as the rate at which they pass from fresh to 
salt, and the system reaches equilibrium, as shown ¡in Figure 16.13b. If an 
external pressure is now applied to the saÌt water, ven more water molecules 
are squeezed across the membrane from the salt side to the fresh side, as 
shown in Eigure 16.13c. Contrary to what happens in osmosis, water mole- 
cules are now being forced across the semipermeable membrane from the 
side having the higher concentration of solute molecules to the side having 
the lower concentration of solute molecules, and this ¡s the process called 
reverse osmosis. The utility of reverse osmosis is that it is a mechanism for 
generating fresh water from salt water. 

The osmotic pressure generated when seawater and fresh water are sep- 
arated by a semipermeable membrane is an astounding 24.8 atmospheres 
(365 pounds per square inch). [Ý reverse osmosis is to take pÏace with sea- 
water, therefore, an external pressure hipher than this must be exerted on 


External pressure 


ị 


pressure 


(a) Osmosis (b) Equilibrium (c) Reverse osmosis 


Net fÌlow Net fÌloöw 
of water Of water 
molecules molecules 


Figure 16.13 

(a) Osmosis results in a greater volume of salt water, which causes the pressure to increase on 
the salt side of the membrane. (b) When the pressure on the salt side gets high enough, equal 
numbers of water molecules pass in both directions. (c) The application of external pressure 
forces water molecules to pass from the salt water to the fresh water, so that now the salt-to- 
fresh flow rate is higher than the fresh-to-salt flow rate. 
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Figure 16.14 

An industrial reverse osmosis unit consists of many semipermeable membranes packed 
around highly pressurized salt water. As desalinated water is pushed out one side, the remain- 
¡ng salt water, which is now even more concentrated, exits on the other side. A network of 
reverse osmosis units operating parallel to one another can produce enormous volumes of 
fresh water from salt water. 


the water. Generating such high pressures has its share of technical difficul- 
tles and ¡s an energy-intensive process. Nonetheless, engineers have suc- 
cecded ¡in building durable reverse osmosis units, shown in Eigure 16.14, 
that can be networked to generate fresh water from seawater at rates of mil- 
lions of liters per day. Reverse osmosis desalinization facilities treating 
brackish waters, which require much lower external pressures, are propor- 
tionately more economical. 


Concept Check v 


The cell membranes in cucumber cells are semipermeable, meaning water 
molecules pass back and forth through the membranes but solute mole- 
cules do not. A cucumber left in a concentrated salt solution shrivels up 
because water molecules leave the cells and enter the salt solution. ls this 
an example of osmosis or reverse osmosis? 


Was this Yy0uf AnSWF? That no external pressure is involved rules out reverse osmosis. Instead, 
the shriveling tells you that the cells are losing water molecules, which must be entering the salt water. 
This is osmosis. Add spices and the right kinds of microorganisms to the solution, and youve made 
a pickle. 


Desalinated seawater and desalinated brackish water are Important new 
sources of fresh water. Althouph this fresh water is more costly than fresh 
water from natural sources, one could argue that the higher cost relects 
fresh waters true value. In the United States, natural sources of fresh water 
are relatively plentiful, allowing companies to sell fresh water at rates of a 
fraction ofa penny per liter. Nonetheless, consumers are still willing to buy 
bottled water at up to $2 per liter! Each year Americans spend about $400 
million dollars on bottled water, and the market continues to grow rapidÌy. 
Unless we conserve fresh water, It is easy to proJect a growing reliance on 
đistillation and reverse osmosis. 


Pressurized 
salt water 


Concentrated 
salt solution 
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Hands-On Chemistry: Micro Water Purifier 


You can build a relatively inefficient but fun-to-watch distiller at home. 
What You Need 


Deep cooking pot, water, food coloring, table salt, heavy ceramic mug at least 
3 centimeters shorter than cooking pot, plastic food wrap, strong rubber 
band that can fit around pot, scissors, ice cubes, small sponge 


Safety Note 


Wear safety glasses, and avoid the steam produced in this experiment because 
steam burns can be particularly harmful.` 


Procedure 


ŒÙ Fill the cooking pot with water to a depth of about 1 centimeter. Add 
several drops of food coloring and 1 teaspoon of salt to the water 
and stir. 


@) Place the mug in the center of the pot. 


() Lay plastic wrap loosely across the top of the pot and secure with the 
rubber band. The seal should NOT be airtight. Instead, leave two oppo- 
site edges of the wrap outside the rubber band to prevent a buildup of 
pressure in the pot as the water is brought to a boil. se scissors to trim 
away any wrap hanging below the rubber band. Place an ice cube at 
the center of the wrap, which should then sag above the mudg. 


) Put on your safety glasses, place your “distiller“ on the stove, and turn 
the burner on low to bring the water to a low boil. Look for signs of 
cloud formation below the ice cube. Liquid water condensing here will 
drop into the mug. Once boiling begins, the mug may jostle. Turn the 
heat down or off if the jostling becomes too pronounced. 


®) Boil the water only until the ice cube melts. As it melts, remove the 
meltwater with the sponge. 


Examine the water in the mug, both visually and by tasting a few drops. Why 
isnt the food coloring or the salt carried over into the mug? How might you 
modify your distiller to use sunlight to drive the distillation? 


ÑWater pollution can arise from either point sources or nonpoint sources. Â 
point source ¡s one, specific, well-defined location where a pollutant enters 
a body of water. One example of a point source would be the wastewater 
pipes of a factory or sewage treatment plant, as shown in Figure 16.15a. 
Point sources are relatively easy to monitor and regulate. A nonpoint 
source is one in which pollutants oripinate at diverse locations, oil residue 
on streets being one example. Ñater becomes polluted as rain washes the 


16.5 Human Activities Can Pollute Water 545 


NÓ) (2(/M)?(nG- — 
I21/A2INS 1Ô NAY —— 


- * 


—.. 


Figure 16.15 
(a) This technician is assessing the clarity of the effluent coming from a wastewater treatment 
facility,a common point source of pollution. (b) Nonpoint sources are not so easily regulated 
and depend more on public awareness. 


oil residue into streams, rivers, and lakes. Asricultural runof and house- 
hold chemicals making their way into the storm drains of Figure 16.15b are 
two other common examples of nonpoint sources of water pollution. 
Because it ¡s dificult to monitor and regulate nonpoint sources, the most 
cffective solutions are often public awareness campaigns emphasizing 
responsible disposal practices. As Figure 16.16 ¡llustrates, lawn care in the 
United States is a major nonpoint source of water pollution. 

The rate of water contamination from many point sources has decreased 
markedly since the passing of the Clean Water Act of 1972 and its subsequent 
amendmenss. Prior to 1972, the user of a water supply, such as a municipal- 
Ity, was responsible for protecting the supply. Because it is far more efficient 
to control water pollutants before they are released into the environment, the 
Clean Water Act shifted the burden oŸ protecting a water suppÌy to anyone 
discharging wastes Into the water, such as a local Industry. 


Figure 16.16 

Lawns cover 25 to 30 million acres in the United States, an area larger than Virginia. 
People taking care of these lawns use up to two and a half times more pesticides per 
acre than farmers use on croplands. 
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Figure 16.17 
The arrows indicate some major 
sources of groundwater contamination. 


Figure 16.18 

A contaminant plume of leachate 
spreads in the direction of ground- 
water fÌow. 
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WWhen rivers and lakes become polluted, they can be cleaned because 
they are accessible. When groundwater becomes polluted, however, it§ a 
different story. Even after the sources of the pollution have been removed, 
it can be a lifetime before the contaminants are removed, not only because 
the groundwater is so inaccessible but also because the flow rate of many 
aquifers is extremely slow——on the order of only a few centimeters per day! 
As shown in Eigure 16.17, groundwater ¡s susceptible to a wide varlety of 
point and nonpoint pollution sources. 

Municipal solid-waste disposal sites are a common source of ground- 
water pollution. Rainwater inftrating a disposal site may dissolve a variety 
of chemicals from the solid waste. The resuling solution, known as 
leachate, can move into the groundwater, forming a contamination plume 
that spreads in the direction of groundwater fow, as shown In Figure 16.18. 
To reduce the chances of groundwater contamination, the site can be 
underlain and capped with layers of compacted clay or plastic sheeting that 
prevent leachate from entering the pround. A collection system designed to 
catch any draining leachate may also be used. 
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16.6 Microorganisms in Water Alter Levels of Dissolved Oxygen 


__ Ânother common source of groundwater pollution ¡s sewage, which 
includes drainage from septic tanks and Inadequate or broken sewer lines. 
Animal sewage, especially from factory-style animal farms, is also a source 
OÊ groundwater (and river water) pollution. Sewage water contains bacteria, 
which If untreated can cause waterborne diseases such as typhoid, cholera, 
and infectious hepatitis. If the contaminated groundwater travels relatively 
quickly through underground sediments in which there are large air pock- 
ets, bacteria and viruses can be carried considerable distances. However, if 
the contaminated groundwater fows through underground sediments in 


which the air pockets are very small, as is the case with sand, pathogens are 
ñltered out of the water. 


Concept Check v 


What is the difference between a point source of pollution and a nonpoint 
source? 


Was this YOUFT answer? A point source arises from a specific location—you can pinpoint it on a 
map. Ä nonpoint source represents a collection of many sources, each difficult to trace. To specify a non- 
point source on a map, you need to draw a circle. 


16.6 Miđroorganisms In Water Alter 
Levels of Dissolved Oxygen 


Naturally occurring water is alive with organisms. At the microscopic level, 
there are microorganisms, some o£ them disease-causing and others benign. 
One of the natural functions of these microorganisms ¡s breaking down 
organic matter. [he body of a dead ísh, for example, does not remain at 
the bottom of a pond forever. Instead, microorganisms such as bacteria 
digest the organic matter into small compounds of carbon, hydrogen, oxy- 
gen, nitrogen, and sulfur. 

We identify bacteria as either aerobic or anaerobic. Aerobic bacteria 
decompose organic matter only in the presence of oxygen, ©›;. Anaerobic 
bacteria can decompose organic matter ¡in the absence of oxygen. The 
products of aerobic decomposition are entirely điferent from the products 
of anaerobic decomposition. Aerobic bacteria in water utilize oxygen dis- 
solved in the water to transform organic matter to such compounds as car- 
bon dioxide, CO›, water, HO, nitrates, NOx—, and sulfates, SOxZ~. All 
of these products are odorless and, ¡n the quantitiles produced, cause little 
harm to the ecosystem. Anaerobic bacteria in water use different chemical 
mechanisms to decompose organic matter to such products as methane, 
CHạ (which ¡is fammable), foul-smelling amines such as putrescine, 
NH;Cx„HạNH;, and foul-smelling sulfur compounds such as hydrogen 
sulñde, H;S. Cesspools owe their wretched stink to a lack of dissolved oxy- 
gen and the resulting anaerobic decomposition. 

When organic matter is introduced into a body of water, aerobic bacte- 
ria need (or “demand”) dissolved oxygen to decompose the organic matter. 
The phrase used to describe this demand ¡s biochemical oxygen demand 
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Figure 16.19 

Sewage entering a river dramatically 
decreases the level of dissolved oxy- 
gen in the water. Because it takes 
time for aerobic bacteria to decom- 
pose organic wastes and because 
rivers flow, the drop in dissolved oxy- 
gen is often most pronounced far 
downstream. Fish start to die when 
the concentration of dissolved oxygen 
dips below 3 milligrams/liter. 


Fish die 


(BOD). As more organic matter is introduced, the BOD Increases, resulting 
in a drop in the amount of dissolved oxygen as the bacteria use more and 
more oỂ it to do their work. IÝ too much organic matter is Introduced, say 
from the outfall of a sewage treatment plant, dissolved oxygen levels can get 
so low that aquatic organisms start to die, as shown in Figure 16.192. Aero- 
bíc bacteria start to work on the bodies of these dead organisms, which low- 
ers the oxygen level even further, killing off even the hardiest aquatic organ- 
isms. Ulimately, the dissolved oxygen level reaches zero. At this point, the 
noxious anaerobic bacter1a take Over. 


Concept Check v 


Which should have a greater capacity to decompose organic matter aero- 
bically: a still pond or a babbling brook? 


Was this YOUFT answef? The capacity for aerobic decomposition is limited by the amount of dis- 
solved oxygen. In a babbling brook, aeration guarantees that any dissolved oxygen lost to aerobic 
decomposition is quickly replaced. This is not so with a still pond. Cubic meter for cubic meter,a babbling 
brook has a greater capacity to decompose organic matter aerobically. 


16.7 Wastewater ls Processed by Treatment Facilities 


Figure 16.20 
This algal bloöom consumes oxygen dissolved in the water and prevents atmospheric oxygen 
from mixing into the pond, thereby choking off aquatic life. 


In addition to organic wastes, inorganic wastes, such as nitrate and 
phosphate Ions from fertilizers, can also cause the level of dissolved oxygen 
to drop. These lons are nutrients for algae and aquatic plants, which ørow 
rapidly in thetr presence, an event called an z@z/ ø/øøw. Significantly, the 
plants and algae in a bloom consume more oxygen at nipht than they pro- 
duce through photosynthesis during the day. Also, in some instances, a 
bloom can cover the surface of a body of water, as shown In FEipure 16.20, 
efectively choking off the supply of atmospheric oxygen. As a result, 
aquatic organisms suffocate and fall to the bottom, along with large por- 
tions of dead algae. Aerobic microorganisms decompose this organic mat- 
ter to the point that the water loses all its dissolved oxygen, and anaerobic 
microorganisms start functioning. This process, whereby inorpanic wastes 
fertilize algae and plants and the resulting overprowth reduces the concen- 
tration of dissolved oxygen ¡in the water, ¡s called eutrophication, from the 
Greek word for “well nourished.” 


The contents of the sewer systems that underlie most municipalities must be 
treated before being released to a body of water. The level of treatment 
depends in great part on whether the treated water is released to a river or the 
ocean. WWastewater destined for a river requires the hiphest level of treatment 
for the beneft of communities downstream. However, In a facility located In 
a region surrounded by very deep ocean water, as is the facility shown ¡n 
Figure 16.21 on page 550, treatment requirements are Ìess stringent. 
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Figure 16.21 

In the City of Honolulu, about 280 
million liters of wastewater passes 
through the largest of several waste- 
water facilities each day. This water 
can be piped to depths of hundreds 
of meters below sea level, from where 
Ít continues to flow toward the bottom 
of the ocean. Water treatment require- 
ments are therefore much less strin- 
gent than those at mainland facilities, 
where the effluent is not so easily 
discarded. 


Figure 16.22 

A schematic for the screening and pri- 
mary treatment stebs in a municipal 
treatment facility. The rotating skim- 
mer on the settling basin removes any 
buoyant materials not captured in the 
screening step. 


Human waste loses form by the time ¡ít reaches the wastewater facility, 
and as a result raw sewage is a murky stream. Ïn this stream, however, are 
many nonsoluble products, including small plastic Items, such as tampon 
applicators, relatively large pieces of gritty material, such as coffee grinds and 
tiny rocks, and hardened balls of oil from cooking grease. As Eigure 16.22 
shows, the frst step to all wastewater treatment involves removing these 
materials by passing the raw sewagce first through a screening device to remove 
plastic items and grease, and then through a tank called a grit chamber to 
allow any grit to settle out. (You should know that wastewater treatment 
managers point out that these insolubles—even cooking ørease—should be 
disposed of as solid waste and not thrown down the drain or toilet.) 

In the next step, called 2z7⁄2zy /rez/z⁄z, the screened wastewater 
enters a large settling basin where solid particles too ñne to have been 
caupht by the screen settle out as sludge. After a period of time, the sludge 
1s removed from the bottom of the basin and is often sent to a disposal site 
as solid waste. Some facilities, however, are equipped with laree furnaces In 
which dried sludge is burned, sometimes along with other municipaÌ waste, 
such as paper products. The resulting ash is more compact and so takes up 
less space In a disposal site. 


Settling basin 


Insoluble-waste screen Skimmer 


To secondary 
treatment or 
outfall 


To solid-waste 
sewage  disposal site To solid-waste 
disposal site 


16.7 Wastewater ls Processed by Treatment Facilities 551 


NWastewater effuent from primary treatment is commonly disinfected 
with either chÏorine gas or ozone gas prior to release into the environment. 
A great advantage of using chlorine gas is that it remains in the water for an 
cxtended time after leaving the facility, thereby providing residual protec- 
tion against diseases. However, the chỈorine reacts with Organic compounds 
in the water to form chlorinated hydrocarbons, many of which are known 
Carcinoeens (Cancer-causing apents). Also, chlorine kills only bacteria, leav- 
Ing viruses unharmed. Ozone gas is more advantageous in that it kills both 
bacteria and viruses. Also, there are no carcinogenic by-products that result 
from treating wastewater efluent with ozone. A disadvantage of ozone ¡s 
that ít provides no residual protection. Most facilities in the United States 
use chỈorine for disinfecting. European facilities tend to favor ozone. Ïn a 
few locations, both chlorine and ozone have been replaced by strong ultra- 
violet lamps, which, like ozone, kill both bacteria and viruses but offer no 
long-term residual protection. 

The BOD of primary effuent ¡s extremely hiph, and, by virtue of the 
Clean ÑWater Act, in most places its release is not permitted. A frequently 
used s¿cø⁄/2zy /z£z/z£ø, shown in Eigure 16.23, involves passing the pri- 
mary cfHuent first through an aeration tank, which supplies the oxygen 
necessary for continued aerobic decomposition, and then into a tank where 
any fñine particles not removed in primary treatment can settle out. Because 
the sludge from this settling step ¡s híph in aerobic microorganisms, some 
Of it is recycled back to the aeration tank to increase efficiency. The remain- 
đer of the sludge ¡s hauled ofF to a disposal site or incinerator. The main 
advantage of secondary treatment is a marked decrease in efluent BOD. 

Many municipalitles aÌlso require /7//27y ứ£a2£zzeø¿. There are a number 
Of tertiary processes, most involving RÏtration of some sort. Â common 
method ¡s to pass secondary effuent through a bed of ñinely powdered car- 
bon, which captures any remaining particulate matter and many of the 
organic molecules not removed ¡in earlier stages. The advantage of tertiary 
treatment is preater protection of our water resources. UnfortunateÌy, terti- 
ary treatment is costly and ordinarily used only in situatlons where the need 
is deemed vital. 

Primary treatment and secondary treatment are also costly. Where 
appropriate, therefore, the millions of dollars spent on wastewater treat- 
ment might be shifted to alternate methods of waste management, such as 
advanced integrated pond systems, which are described next. 


Primary effluent 


To tertiary 
treatment 
or outfall 


<———— Sludge recycled 


To solid-waste disposal 
Site or incinerator 


Figure 16.23 

A schematic for secondary treatment of 
Wastewater from a municipal sewer 
system. 
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Figure 16.24 

The pilot advanced integrated pond 
system in St. Helena, California, which 
has been in operation since the 19605. 
There are now more than 85 AIP sys- 
tems in operation in various spots 
around the world. 


Concept Check v 


Distinguish between the main functions of primary, secondary, and terti- 
ary wastewater treatment. 


Was this Y0uT anSW€F? Primary treatment uses settling basins to remove the bulk of solid waste 
and sludge from sewage effluent. Secondary treatment uses aeration to decrease effluent BOD. Tertiary 
treatment removes pathogens and wastes not removed by earlier treatments by filtering effluent 
through powdered carbon or other fine particles. 


Advanced Integrated Pond Systems Treat Wastewater 


The advanced integrated pond (AIP) system, shown ¡n Figure 16.24, ¡sa 
method of wastewater treatment that makes sense for many communities 
of 2000 to 10,000 people in both developed and developing natlons. 
NWastewater is channeled into an extensive pond system where plants use 
nutrients from the sewage as fertilizer. A system of paddlewheels guarantees 
constant aeration of the effuent, which ¡s naturally disinfected by uÏtravio- 
let light from the sun. The efluent coming out of an AIP system is as clean 
as—and sometimes even cleaner than—efRuent that has gone through sec- 
ondary treatment in a conventional facility. Researchers at the University of 
California at Berkeley designed an AIP prototype that costs one third to one 
half as much to build as a conventional facility of equal capacity. A more 
significant source of savings lies in using solar energy rather than electrical 
energy to run aeration pumps. Conventional secondary plants use electri- 
cal energy to blow or mix air bubbles into the wastewater. This aeration step 
consumes 60 percent or more of the total electrical energy used in waste- 
water treatment. Ín an AIP system, algae and other plants use solar energy 
and photosynthesis to supersaturate the wastewater with the oxygen that 


aerobic microbes need to break down waste. AIP systems are particularÌy 
applicable in sunbelt communities, where solar energy 1s plentiful, and ¡n 
developing natlons, where the supply of electrical energy is minimal or 
nonexistent. 

Another important advantage of AIP systems ¡s the small amount of 
sludge they produce. In these ponds, sludge ferments untiÌ only a small vol- 
ume OÊ ít remains, a substantial beneft in meeting environmental regula- 
tions for sludge disposal. Furthermore, harvested plants are a signifcant 
source of biomass, which may be fermented to produce methane fuel (nat- 
uraÌ gas) or incinerated in gas turbines to produce electrical energy. 

Perhaps one of the biggest obstacles to improving waste management 
lies not in available technology but in our attitude and willingness to accept 
the large one-time setup costs. Human waste is not a waste—it is a resource 
waiting to be utilized. 


In Perspective 


Eresh water is one of the most valuable resources our planet has to offer. 
Clearly, each of us must be mindful of fresh waterS true value and practice 
Conservation measures whenever possible. 

Toward this goal, there is much you can do to conserve water and thus 
heÌp ensure the water supply for future generatlons. A typical shower, for 
example, Ñows at a rate of about 40 liters per minute. You could reduce this 
rate by up to 70 percent by installing an inexpensive water-saving shower 
head, like the one shown ¡in Figure 16.25. lIf every home ¡n the United 
States were equipped with these shower heads, about 2400 billion liters of 
potable water would be conserved cach year—about 5 percent of our toral 
annual use. For more water conservation ideas worthy of your good citI- 
zenship, please consider the following guidelines adapted from the Ameri- 
can Water and Energy Savers Àssociation. 


Press lightly, Release, Press completely Press again 
water flows water stOps ˆ for continuous flow to stOp fÌow 
Figure 16.25 


This water-saving shower head has a reduced flow rate and a quick-action stop button that 
allows the user to turn the water off while lathering up. 
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20 Ways To Save Water 


Read your water meter before and after a 2-hour period when no water 
is being used. IÝ the reading has changed, there ¡s a leak somewhere in 
your water system. Get this leak fixed. 


. Replace washers in dripping faucets. lÝ a faucet is dripping at the rate 


of one drop per second, you can expect to waste 11,000 liters per year! 


. Check for toilet tank leaks by adding food coloring to the tank. If the 


toilet ¡s leaking, color will appear in the bowl within 30 minutes. 


. Avoid fÑushing the toilet unnecessarily. 


. Installa composting toilet, which uses no water. Rather, ¡t allows human 


wastes to decompose 2£72"/e2J as air is vented over the waste, which is 
buried in peat moss. Dried odorfree compost is removed every Íew 
months and ¡s useful as a garden fertilizer. 


6. Take shorter showers. 


7. When washing dishes by hand, do so in a sink or large pot fñilled with 


IÚ 


JỆ LỆ 


J2 


lộn 


14. 


19. 
l6. 
tứ. 


18. 
lÔ, 


20. 


soapy water. Quickly rinse under a small stream from the faucet. 


. Ởperate automatic dishwashers and clothes washers only when they are 


fully loaded, or properly set the water level for the size of load you are 
washing. 


. Store drinking water 1n the refrigerator rather than letting the tap run 


evcry time you want a øÌass oÊ cool water. 


Start a compost pile as an alternative method of disposing of food waste 
Instead of using a garbage disposal, which both consumes a lot oÊ water 
and places food matter in water rather than ¡in soil, where ¡t belongs. 


Dont overwater your lawn. Most lawns need watering only every 5 to 
7 days in the summer and every 10 to l4 days in the winter. 


Ñater lawns during the early morning hours when temperature and 
wind speed are lowest. This reduces Ìosses from evaporation. 


Raise the blade of your lawn mower to at least 8 centimeters. Á lawn 
cut this high encourages grass roots to prow deeper, shades the root sys- 
tem, and holds soil moisture better than a close-clipped lawn. 


Plant native and/or drought-tolerant grasses, øround covers, shrubs, 
and trees. Once established, they do not need to be watered frequently 
and usually survive a dry period without any watering. 


se irrigation techniques in place of sprinklers when watering your lawn. 
Do not clean driveways or sidewalks with a hose. Use a broom. 


Make your bed yourself when staying at a hotel for more than one 
night. Hotels use copious amounts of water for cleaning bed sheets. 


Patronize businesses that practice and promote water conservation. 


Always follow all water conservation and water shortage rules and 
restriCtlons In effect In your area. 


Encourage family, friends, and neiphbors to be part of a water- 
CONSCIOUS communIty. 


Key Terms and Matching Definitions 


aerobic bacteria 
anaerobic bacteria 
aquIfer 
biochemical oxygen demand 
eutrophication 
hydrologic cycle 
leachate 
nOnpOInt source 
OSmOSIS 
POInt source 
T€V€TS€ OSmOSIS 
semipermeable membrane 
water table 


1. The natural circulation oÊ water throughout our 
planet. 

2. The upper boundary ofa soil zone oÊ satura- 
tion, which is the area where every space 
between soil particles ¡s filled with water. 

3. A soll layer in which groundwater may fow. 

4. The net ow of water across a semipermeable 
membrane from a region where the water con- 
centration of some solute is lower to a repion 
where the solute concentration 1s higher. 

5. A membrane that allows water molecules to 
p2Ss throuph Irs submicroscopic pores but not 
solute molecules. 

6. A technique for purifying water by forcing It 
throuph a semipermeable membrane. 

7. A speciRc, well-deRned location where polu- 
tants enter a body of water. 

8. A pollution source in which the pollutants orig- 
Inate at different locations. 

9. A solution formed by water that has percolated 
through a solid-waste disposal site and picked 
up water-soluble substances. 

10. Bacteria able to decompose organic matter onÌy 
in the presence of oxygen. 

11. Bacteria able to decompose organic matter in 
the absence of oxygen. 

12. A measure of the amount of oxygen consumed 
by aerobic bacterla in water. ' 

13. The process whereby Inorganic wastes In 
water fertilize algae and plants growing in 
the water and the resulting overgrowth re- 
duces the dissolved oxygen concentration of 
the water. 
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Review Questions 
Water Circulates Through the Hydrologic Cycle 


1. In what form does most of the fresh water on 
our pÌanet exist? 


2. How much of the Earths supply of water is 
fresh water? 


3. What two Íorces power the water cycle? 


4. Where is it possible to see the water table above 
ground? 


2. Ís most of the liquid fresh water on our planet 
located above or below ground? 


Collectively, We Consume Huge Amounts of Water 


6. Has annual water usage in the United States 
Increased or decreased over the past couple of 
decades? 


7. What human activity consumes most of our 
fresh water? 


8. Has the amount of fresh water we collectively 
consume ever decreased from one Ññve-year 
period to the next? 


Water Treatment Facilities Make Water Safe for Drinking 


9. Wýhy ¡s treated water sprayed into the air prlor 
to being piped to users? 


10. What do most treatment plants use to fiÏter 
water? 


11. What are two ways in which people disinfect 
water where municipal treatment facilities are 
not available? 


12. What naturally occurring element has been 
contaminating the water supply of Bangladesh? 


Fresh Water Can Be Made from Salt Water 


13. What are the two main techniques for desaliniz- 
Ing water? 


lá. What is a disadvantage of solar disullatton? 


15. How does a semipermeable membrane allow Íor 
the passage of water molecules but not any 
solute ions or molecules? 


16. \WWhat reverses In reverse osmosIs? 
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Human Activities Can Pollute Water 


17. Why does groundwater take so long to rid itself 
O£ contaminants? 


18. How can solid-waste disposal sites be designed 
to minimize the spread of leachates? 


19. What type of soil are pathogens not able to pass 
through? 


20. What did the Clean \WWater Act of 1972 shift? 


Microorganisms In Water Alter 
Levels of Dissolved Oxygen 


21. What are some of the main products of aerobic 
decomposition? 


22. What are some of the main products of anaero- 
bíc decomposition 


23. What effect does organic matter In water haye 
on the amount of oxygen dissolved in the water? 


24. Nitrates in groundwater tend to come from 
what source? 


Wastewater Is Processed by Treatment Facilities 


25. Why can the wastewater treatment requirements 
in Hawali be less stringent than the require- 
ments in most locations on the U.S. mainland? 


26. What is the first step In treating raw sewagce? 


27. What is the source of the energy used to aerate 
wastewater in an advanced Inteerated pond 
system? 


In Perspecfive 


28. What are two advantages the composting toilet 
has over the fÑush toilet? 


29. How does raising the height of a lawn mower 
blade to 8 centimeters heÌlp conserve fresh water? 


Hands-On Chemistry Insights 
Water WIser 


A leaky faucet or toilet can sipnificantly increase the 
amount oÊ water consumed in your bathroom. For a 
leaky faucet, time how many minutes it takes to col- 
lect a measurable quantity, such as 0.1 liter. Multply 


this rate by the number of minutes in a day (1440) to 
arrive at the number of liters lost cach day. 

To measure any water loss from a toilet leak (see 
item 3 in “20 Ways To Save Water” on page 554 to see 
how to determine If a toilet is leaking), mark the level 
of water ¡n the filled tank, then turn off the toilet$ 
water source. \Wait for several hours, recording your 
wait time in minuteš. Estimate the volume of water 
lost by multplying the drop in water heipht by the dis- 
tance across the tank front and then by the tank$s front- 
to-back distance, using units of centimeters for all 
three distances to øet your answer in cubic centimeters. 
To convert to lirers, divide thís number by 1000 cubic 
centimeters/liter. Then divide this volume ¡n liters by 
the number of minutes it took for this volume to leak 
out of the tank; this gives you the number of Ìiters Ìost 
cach minute. Multiply this rate by 1440 minutes/day 


to arrive at the number of liters lost cach day. 


Micro Water Purifier 


WWater readily evaporates In your purifter, but the dis- 
solved solute, which has a much higher boiling tem- 
perature, does not. Thus, the solute—either food 
coloring or salt—Is not carried over Into the mug. 

The warm atr above the heated water is saturated 
with water vapor, and warm air can hold more water 
vapor than cool air. So, as the warm saturated air ¡s 
cooled by the ice cube, tiny cloud droplets of liquid 
water begin to form, and eventually ít “rains” into the 
mug. The cooling of rising warm, molst air is how 
many rain clouds form. Review Chapter 8 for more 
details about evaporatlon and condensation. 

Sunlipht can also be used to drive your purifer, 
but to maximize heat absorption, use a dark, nonre- 
fective pot and make a complete seal with the plastic 
WTAD. 


ExerCISeS 


1. Look at a map ofany part of the world, and 
youÏÌl see that older cities are either next to 
rivers or next to where rivers used to be. Why? 


2. The oceans are salt water, and yet evaporation 
over the ocean surface produces clouds that pre- 
cipitate fresh water. Explain. 


3. Where does most rainfall on the Earth finally 


end up before becoming rain again 


4. Withdrawal of groundwater for 1rrigation ¡n the 
San Joaquin Valley o£ California caused the 


lê 


HD, 


16. 


water table to drop by 75 meters. Pumping has 
been greatly reduced, the aquifer is slowly 
recharging, and water for irrigation is now pro- 
vided by canals that bring water from the adja- 
cent Sierra Nevada. What else might be done to 
ensure an adequate water supply for the forsee- 
able future? 


.- Removal of sroundwater can cause subsidence. 


If the water removal is stopped, will the land 
likeÌy rise to irs original level? Defend your 
AnSWCT. 


.- Are our bodies apart Írom or a part of the water 


cycle? 


. hy ¡s pollution of 8roundwater a øreater envi- 


ronmenrtal hazard than pollution of surface 
water 


. Are polar or nonpolar chemical compounds 


more often found ¡n a leachate? Explain. 


. Compare the advantages and disadvantages of 


chÏorine gas and ozone gas as disinfectants for 
municipal water supplles. 


. Why is Itr Important to conserve fresh water? 


.- Mipht reverse osmosis be used to obtain fresh 


water from a sugar—water solution? Explain. 


. Cells at the top ofa tree have a higher concen- 


tration of susars than cells at the bottom. Hlow 
mipht this fact assist a tree In moving water 
upward from Its roots? 


Why ¡s Äushing a toilet with clean water from 
a municipal supply about as wasteful as Ñush- 
¡ng ít with bottled water? Make a rough sketch 
of a home plumbing system that uses water 
from an upstairs bathtub to fush a downstairs 
toilet. 


.- Why ¡s ít signifcantly less costly to purify fresh 


water through reverse osmosis than to purIfy 
salt water through reverse osmosIs? 


\WWhy do red blood cells, which contain an aque- 
ous solution of dissolved ions and minerals, 
burst when placed ¡in fresh water? 


Some people fear drinking distilled water 
because they have heard ¡t leaches minerals from 
the body. Using your knowledge of chemistry, 
explain how these fears have no basis and how 
distilled water is in fact very good for drinking. 
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How might water be desalinized by freezing? 
Nhat would be a major advanrage and a major 
disadvantage of such a method? 


Which smells worse: a babbling brook or a stag- 
nant pond? Why? 


Phosphates were once a common component of 
laundry detergents because they soften water. 
Why has their use been restricted? 


How mipht an air pump be used ¡n the treat- 
ment ofa small pond affected by eutrophica- 
tion? What should be done to the pond before 
the pump is used? 


Is the decomposition of food by bacterla in our 
dipestive systems aerobic or anaerobic? What 
evidence supports your answer? 


Groundwater can be contaminated by bacteria 
and other pathogens that seep from septic tanks, 
broken sewer lines, and barnyard wastes. In 
many instances, however, this Is not a serlous 
health problem even in the presence of a large 


population. Why? 


Where does most of the solid mass of raw 
sewage end up after being collected at a treat- 
ment facility? 


How are the disinfecting properties of uÏtravio- 
let lipht and ozone similar to each other? 


Nhat prevents an urban or suburban commu- 
nity from developing an advanced inteprated 
pond system? 


WWhy are there few odors emanating from a 
properly managed composting toilet? 


Discussion TopIcs 


lŠ 


Many brands of bottled water cost more per 
liter than gasoline. Why do you think people 


are willing to buy such expensive water? 


Ít is possible to tow huge icebergs to coastal 
Citles as a source of fresh water. What obsta- 
cles—technological, social, environmental, and 
political——do you foresee for such an endeavor? 


The lowest point on our planet ¡s the Dead Sea 
(elevation —413 meters), located in Israel about 
80 kilometers from the Mediterranean Sea and 
about 175 kilometers from the Red Sea. Plans 
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are under consideration to build a canal con- 
necting the Dead Sea to eicher the Mediter- 
ranean or the Red. The elevation difference 
along the canal would provide enough pressure 
to desalinate seawater by reverse osmosis, yield- 
¡ng as much as 800 million cubic meters of 
fresh water per year. lIdentify some of the pros 
and cons of such a plan. 


á.. After constdering the plan to build a desaliniza- 
tion plant at the [DDead Sea (see previous discus- 
sion topic), discuss how a long tube with reverse 
osmosis fiters on one end might be used to 
extract fresh water from seawater. Sketch a 
design and plan for the technical hurdles and 


daiÌy operatlons of your own private company. 


5... Pretend you are the president of Egypt, a coun- 
try whose sole source of fresh water ¡s the Nie 
River. What actions would you take upon learn- 
¡ng that Ethiopia, which is upstream from 
Egypt, had begun building water projects that 
would restrict the fow of the NHe? 


6. In reference to human nature, Jerome Delli 
Priscoli, a social sclentist with the U.S. Army 
Corps of Engineers, stated, “[he thirst Íor water 
may be more persuasive than the Impulse 
toward conflict.” Do you agree or disagree with 
his statement? Might our universal need for 
water be our salvation or our demise? 


Exploring Further 
Michael A. Mallin, “Impacts of Industrial Animal 


Production on Rivers and Estuaries.” ⁄7/c4ø 

Šc//ø#zs, January—-February 2000. 
Factory-style animal farms are a growing trend 
that began about 20 years ago. This article 
explores the Impact that such farming has had 
on the rivers and estuaries of North Carolina, 
the state that is the second-largest pork pro- 
ducer in the United States. 


http://water.usgs.gov 
Explore this site of the U.S. Geological Survey 


for up-to-date news about water resources in 


the United States and references to published 
articles about any U.S. water system. Be sure 
tO explore http://water.usgs.gov/Wwatfuse. 


http://www.W-WWw.com 
The mission of the Water-WWastewater Web site 
is to promote communication, educatlon, and 
Information exchange among water-management 
professlonals. Follow the “plant pages” link to 
ñnd the Web site of your local wastewater treat- 
ment facility. 


http://www.ida.bm 
Home page for the International Desalination 
Association, whose goals are the development 
and promotion of the appropriate use of desali- 
natlon technology worldwide. 


http://www.waterwiser.org 
Thịs site is a cooperative proJect of several 
environmental organizations, including the 
American Water Works Association and the 
U.S. Environmental Protection Agency. Books, 
brochures, and papers for purchasc. 


http://wWwwW.awwa.org 
Home page for the American Water Works 
Assoclation, an International nonproft sclentifc 
and educational society dedicated to the improve- 
ment of drinking water quality and supply. 


http://www.bicn.com/acic 
To learn more about the arsenic crisis in Bangla- 
desh, visit this home page for the Arsenic Crisis 
Information Center. A detailed description of 
the chemistry involved in the removal of arsenic 
can be found at www.eng2.uconn.edu/~nikos/ 
asrt-brochure.html. 


Fresh Water Resources 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 


One Planet, One Atmosphere 

Most of the Earths atmosphere is contained within 30 kilometers of the 
planets surface. Given the size of our planet—its diameter is 13,000 kilome- 
ters—this 30-kilometer thickness is ultrathin, so thin that from space the 
atmosphere appears only as a narrow band along the horizon. Indeed, if the 
Earth were the size of an apple, its atmosphere would be about as thick as 
the skin of the apple. We learned in the previous chapter that fresh water is a 
limited resource. Now we learn that the air around us ¡is also a limited 
resource. 

Air pollution is a well-known problem, one that migrates across interna- 
tional boundaries. Chemists sampling the air in North America, for example, 
can detect heavy metals released by smelters operating in China. Chlorofluo- 
rocarbons released in the Northern Hemisphere affect ozone levels in the air 
above the South Pole. Since the introduction of the internal-combustion 
engine, atmospheric carbon dioxide levels have been rising markedly, and 
global warming is a potential consequence. 

Our planet is a gigantic terrarium, and collectively we are its caretakers. 
With this job comes the responsibility to learn how the Earth5 resources can 
be properly managed for the benefit of all its inhabitants. In this chapter we 
explore some of the fundamental dynamics of the atmosphere and the 


impact of human activities. 
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Air ReS0urces 
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If the sun no longer provided heat, as represented in Figure l7.la, the air 
molecules surrounding our planet would settle to the ground—much like 
popcorn at the bottom ofan unplugeed popcorn machine. Plug in the pop- 
corn machine, and the exploding kernels bumble their way to hipher alti- 
tudes. Likewise, add solar energy to the air molecules, and they, too, bumble 
their way to higher altitudes. Popcorn kernels attain speeds of Ï meter per 
second and can rise l or 2 meters, but solar-heated air molecules move at 
about 1600 kilometers per hour, and a few make their way up to more than 
50 kilometers in altitude. Figure 17.1b shows that, 1Ý there were no gravIty, 
air molecules would fy into outer space and be lost from our planet. Com- 
bine heat from the sun with the Earths gravity, however, as in Eigure I7.lc, 
and the result is a layer of air more than 50 kilometers thick that we call the 
2/ospber. This atmosphere provides oxygen, nitrogen, carbon dioxide, and 
other gases needed by living organisms. Ít protects the Earths inhabitants by 
absorbing and scattering cosmic radiation. Ït also protects us from being 
rained on by cosmic debris because any headed toward the Earth burns up 
before reaching us. Ít ¡s the heat generated by fricuon between the ying 
debris and our atmosphere that causes the debris to burn. 
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(a) Atmosphere with gravity but no solar (b)_Atmosphere with solar heat but (c) Atmosphere with solar heat and gravity: 
heat: molecules lie on the Earths no gravity: molecules escape into molecules reach high altitudes but are 
surface. Outfer space. prevented from escaping into outer space. 
Figure 17.1 


Our atmosphere is a result of the actions of both solar heat and gravity. 


Table 17.1 shows that the Earths present-day atmosphere is a mixture 
Of gases——primarily nitrogen and oxygen, with small amounts ofargon, car- 
bon dioxide, and water vapor and traces of other elements and compounds. 
Thịs has not always been the composition of the Earthš atmosphere. Oxy- 
gen, for cxample, was not a component until the evolution of photosyn- 
thesis in primitive life-forms 3 billion years ago. Carbon dioxide levels have 
also varied signifcantÌy over time. 
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Table 17.1 


—=——.””. dua 0060000. suy ẽn. san. 5... 
Composition of the Earths Atmosphere 


Gases Having Fairly Percent by Gases Having Variable  Percent by 
Constant Concentrations Volume Concentrations Volume 
Nitrogen,N; 78 Water vapor, H;O 0to 4 
Oxygen,O; 21 Carbon dioxide, CO; 0.034 
Argon, Ar 0.9 Ozone,O›; 0.000004* 
Neon, Ne 0.0018 Carbon monoxide, CO 0.00002* 
Helium, He 0.0005 Sulfur dioxide, SO› 0.000001 
Methane, CHạ 0.0001 Nitrogen dioxide, NO; 0.000001* 
Hydrogen,H; . 0.00005 Particles (dust, pollen) 0.00001* 


*Average value in polluted air. 


WWc have adapted so completely to the invisible air around us that we 
sometimes forget it has mass. At sea level, l cubic meter of air has a mass 
of 1.25 kiloprams. So the air in an average-sized room has a mass of about 
60 kiloprams—about the average mass of a human. 

WWhen you are under water, the weipht of the water above you exerts a 
pressure that pushes against your body. The deeper you go, the more water 
there is above you and hence the greater the pressure exerted on you. The 
behavior of air is the same. Because air has mass, gravity acts upon the air, 
giving it weight. The weipht of the air, in turn, exerts a pressure on any 
obJect submerged ¡in the air. This pressure 1s known as atmospheric pres- 
sure, and the deeper you go In the atmosphere, the preater this pressure 
becomes. At sea level, you are at the bottom ofan “ocean of air,” and so the 
atmospheric pressure is greatest. Climb a mountain so that you are no longer 
so deep, and the atmospheric pressure 1s less. Venture above the atmosphere, 
and you have entered space, where there 1s no atmospheriC pressure. 

If you have ever gone mountain clmbing, you have probably noticed 
that the air grows cooler with increasing elevation. At lower elevations, the 
air s generally warmer. This is because the Earth$ surface radiates much of 
the heat it absorbs from the sun. As this heat radiates upward, it warms the 
air—an effect that decreases with increasing distance from the ground. 

You have probably also noticed that the air grows less dense with 
increasing elevation; that is, there are fewer air molecules to breathe for a 
given volume. You can understand why this is so by considering a deep pie 
of athers. At the bottom of the pile, the feathers are squished together by 
the weight of the feathers above. At the top of the pile, the feathers remain 
Huffy and are much less dense. For the same reasons, air molecules close to 
the Earths surface are squeezed together by the greater atmospheric pres- 
sure. With increasing elevation, the density of the air gradually decreases 
because of decreasing atmospheric pressure. Unlike a pile of feathers, how- 
ever, the atmosphere doesnt have a distinct top. Rather, ít gradually thins 
to the near vacuum of outer space. More than half of the atmosphereS mass 
lies below an altitude of 5.6 kilometers, and about 99 percent lies below an 
altitude of 30 kilometers. 

Scientists classify the atmosphere by dividing ït into layers, cach layer 
distinct in its characteristics. The lowest layer ¡s the troposphere, which 
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Calculation Corner: Dense as Air 


Knowing †he densify of dir (125 kiloqrams/cubic me†er), i†fs ø s†roigh†forward colculaTion 
†o find †he mass of di for oany given volume—simply multiply airs densify by the volume. 
In the example given in †he †ex†, the volume of the average-sized room wos 0ssumed 
†o be 4.OO me†ers X 4OO meters < 30O mefters = 48.O cubic me†ers. Thus The 
moss of †he adir in †he room IS š 


1.25k Ôn he lộ : 
—““—5.x 48.0 .mể = 60.0 kg Each cubic meter of air has a mass of 1.25 kilo- 
HẾ” grams, and so, 
TFvod LẮc 1.25 kg _ 
youTe curious to know how many pounds this is, 796 mZx = 995 kg 
multiply by the conversion factor 2.20 pounds/. HH 
1 kilopram. -. _ 
which is as much as the combined mass of 17 
220]b students having a mass of about 58 kiloprams 
60.0 kế x — = 132 lb (145 pound$) cach. 
Your Turn 


1. What is the mass in kilograms of the air in an 
“empty” nonpressur1zed scuba tank that has an 
internal volume of 0.0100 cubic meter? 


Example 

WWhat is the mass in kilograms of the air in a class- 

room that has a volume of 796 cubic meters? 

2. What is the mass in kiloprams of the air in a 

scuba tank that has an ¡nternal volume of 
0.0100 cubic meter and ¡s pressurized so that 
the density of the air in the tank ¡s 240 kilo- 
grams/cubic meter? 


contains 90 percent of the atmospheric mass and essentially all of the 
atmospheres water vapor and clouds, as Figure 17.2 shows. This is where 
weather occurs. Commercial Jets generally fly at the top of the troposphere 
to minimize the buffeting and Jostling caused by weather disturbances. The 
troposphere extends to a height of about 16 kilometers. Ïts temperature 
decreases steadily with increasing altitude. At the top of the troposphere, 
temperatures average about — 50°C. 

Above the troposphere ¡s the stratosphere, which reaches a height of 50 
kilometers. Ín the stratosphere at an altitude of 20 to 30 kilometers lies the 
0z02€ Í2yer. Stratospheric ozone acts as a sunscreen, protecting the Earth$ 
surface from harmful solar ultraviolet radiation. Stratospheric ozone also 
allects stratospheric temperatures. At the lowest altitudes, the temperature 
1s coolest because of the solar screening effect of ozone; air at this altitude 
1s literally in the shade of ozone. At hipher altitudes, less ozone is available 
for shading and temperature increases all the way to a warm 0°C at the top 
of the stratosphere. 


Stratosphere 


Troposphere 
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Hands-On Chemistry: Atmospheric Can-Crusher 


When water vapor condenses in a closed container, very low pressure is cre- 
ated inside the container. The atmospheric pressure on the outside then has 
the capacity to crush the container. In this activity you will see how this works 
for water vapor condensing inside an aluminum soda can. 


What You Need 
Water, aluminum soda can, saucepan, tongs 


Safety Note 


Wear safety goggles, and avoid touching the steam produced in this experi- 
ment—steam burns can be severe. 


Procedure 
Œ) Fill the saucepan with water and set aside. 


(2) Put about a tablespoon of water in the can and heat on a stove until 
steam comes out. The steam you see indicates that air has been driven 
out of the can and replaced by water vapor. 


@® Quickly grasp the can with the tongs, invert it,and dip into the water in 
the saucepan just enough to place the can opening under water. 
Crunch! The can is crushed by atmospheric pressurel Why? 
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Figure 17.2 
The two lowest atmospheric layers— 
troposphere and stratosphere. 
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Concept Check v 


What effect does the Earths gravity have on the atmosphere? 


Was this Y0uF anSWeF? The Farths gravity pulls molecules in the atmosphere downward, 
preventing them from escaping into outer space. 


1⁄2 Human Air Pollution 


Any material in the atmosphere that is harmful to health ¡s defñned as an 
air polluiznr. CQne major source o£ air pollutants is volcanoes. The largest 
volcanic blast of the 20th century, for example, was the 1991 eruption of 
Mount Pinatubo in the Philippines, an erupton that released 20 million 
tons of the noxious gas sulfur dioxide, SO¿. As Figure 17.3 shows, this sul- 
fur dioxide managed to travel all the way to India in only four days. 

In a number of ways, however, humans have surpassed volcanoes as 
sources of pollution. In the United States alone, for example, industrial and 
other human activities have been depositing about 20 million tons of sul- 
fur dioxide in the air £øezy 2z since around 1950! By one estimate, human 
activities account for about 70 percent of all sulfur that enters the global 
atmospherc. 

To stem the human production of air pollutants, the U.S. govern- 
ment passed the Clean Air Act ¡in 1970. This act regulated the gaseous 
emissions of various industries but was not comprehensive. An amend- 
ment in 1977 preatÌy restricted car emissions, and the most recent 
amendment, enacted in 1990, overhauled the act by regulating the emis- 
sions of nearly all air pollutants, including 2e?øsøl, p47/Zc/2/es, and the 
components of s72øø. 


JVUN 19, 1991 
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Figure 17.3 

The cloud of sulfur dioxide generated by the June 15, 1991, eruption of Mount Pinatubo reached 
India in four days. (The black strips are where satellite data are missing.) By July 27, the sulfur 
dioxide cloud had traveled around the globe. 
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Rerosols and Particulates Facilitate 
Chemical Reactions Involving Pollutants 


Airborne solid particles such as ash, soot, metaÏ oxides, and even sea salts play 
a major role in air polluton. Particles up to 0.01 millimeter in diameter (too 
small to be seen with the naked eye) attract water droplets and thereby form 
aerosols that may be visible as fog or smoke. Aerosol particles remain sus- 
pended in the atmosphere for extended periods of time and, as Eigure 17.4 
shows, serve as sites for many chemical reactions Involving pollutants. 


Solid particle 
< 0.01 mm 


NO, NO; 


\ 


NO + O; 


Hydrocarbons Hydrocarbons 


⁄ 
Aldehydes, 
ketones 


NO 


AIldehydes, 
ketones 


(b) SỐ), 


Figure 17.4 

(a) Micrograph of aerosols in the atmosphere. (b) An aerosol is the site of many chemical reac- 
tions involving pollutants. Water surrounding the solid particle attracts airtborne molecules that 
then readily react in aqueous solution before being released back into the atmosphere. 


Larger solid particles, called particulates, tend to settle to the 
ground faster than the particles that form aerosols and hence do not 
play as big a role in facilitating atmospheric chemical reactons. While 
they are airborne, however, particulates obscure visibility. Atmospheric 
particulates (and aerosols) also have a global cooling effect because they 
refect some sunlipht back into space. 

Industries use a variety of techniques to cụt back on emissions o£ 
solid particles. Physical methods include filtration, centrifugal separa- 
tion, and scrubbing, which, as Figure 17.5 shows, involves spraying 


<=— Water in 


Water mist 


suspended 
particles 


Figure 17.5 
During scrubbing of industrial gaseous effluents, a fine mist of water captures and removes 


solid particles that have diameters as small as 0.001 millimeter. 


Particles and water 
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Figure 17.6 

(a) Particles in industrial gaseous efflu- 
ents become negatively charged by 
an electrode and are attracted to the 
positively charged wall of the electro- 
static precipitator. Once it touches the 
wall, a particle loses its charge and 
falls into a collection bin. (b) Smoke- 
stacks with and without electrostatic 
precipitators. 


Electrode -— ⁄ ⁄4 >—cas 


Particles 


Without electrostatic 
precipitator 


Gas and 
suspended 
particles 
With electrostatic 
precipitator 
(a) (b) 


øascous cfluents with water. Another method, electrostatic precipitation, 
shown in Figure l7.Ó, 1s enerey-intensive but more than 98 percent effec- 
tive at removing particles. 


There Are Two Kinds of Smog 


The term s72 was coined in 1911 to describe a poisonous mixture of 
smoke, fog, and air that settled over the city of London and kiled 1150 
people. Smog has since grown to be a major problem, especially over urban 
areas where Industrial and human activitles abound. 

Weather plays an important role in smog formation. Normally, air 
warmed by the Earths surface rises to the upper troposphere, where pollu- 
tants are dispersed, as shown in Figure I7.7a. Parcels of dense, cold air, 
however, sometimes settle below warm air In a /72/r2fre ers/øn, shown 
in Eigure 17.7b. Now the air tends to stagnate, which allows for a buildup 
of air pollutants. Temperature Inversions may occur just about anywhere, 
but local geographies make some areas more prone than others. The smog 
of Los Angeles, for example, is trapped by an inversion created when low- 
level cold air moving eastward from the ocean ¡s capped by a layer of hot 
air moving westward from the MojJave IDesert. Iemperature Inversions tend 
to disperse at nipht because air at higher altudes cools more quickly than 
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Figure 17.7 
(a) Smog is removed by rising warm air. (b) In a temperature 
h inversion, smog is trapped as cool air settles below warm air. 
Cool air (The normail scheme of cool above warm is inverted.) 
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does lower air, which ¡s closer to the Earths warm surface. This is one rea- 
son the skies in many urban areas tend to have less smog in the early morn- 
¡ng than in the late afternoon. 


Concept Check v 


Why are temperature inversions more common during the day than at 
night? 


Was this VOUF afSW€F? A temperature inversion occurs when a body of warm air sits above a 
body of denser cold air, The warm air is created by the heat of the sun, which is out only during the day. 


There are two general types of smog: industrial and photochemical. 
Industrial smog, produccd largely from the combustion of coal and oil, is 
high in particulates. Ïts main chemical ingredient, however, is sulfur diox- 
ide, which accumulates In the water coating of aerosols and is transformed 


to sulfuric acid: 


).ẽ T20, —- 290), 


Sulfur dioxide Oxygen Sulfur trioxide 


ÑC) T4. ...=. H;SO 


Sulfur trioxide Water Sulfuric acid 
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Breathing aerosols containing even very low concentrations oỂ sulfuric acid 
can cause severe breathing distress. As Section 10.4 discussed, airborne sul- 
furic acid is also a leading cause of acid rain. 

Although many industries still exceed federal standards regulating sulfur 
emissions, levels of industrial smog have dropped markedly since the passape 
of the 1970 Clean Air Act and its subsequent amendments. In the future, 
however, maintaining low levels of sulfur dioxide emissions wilÌ become more 
diffcult as both national economies and world population continue to øTowW. 

Photochemical smog consists of pollutants that participate cither 
directly or indirectly in chemical reactons induced by sunlight. These pollu- 
tants are predominately nitrogen oxides, ozone, and hydrocarbons, and their 
prime source is the internal-combustion engine. In the combustion chamber, 
oxygen is mixed with vaporized hydrocarbons for the production of heat, 
which causes an expansion of gases that drives the pistons power stroke. 
Atmospheric nitrogen ¡s also present, however, and at the hiph temperatures 
characteristic of internal-combustion engines, the nitrogen and oxygen form 
nitrogen monoxIde: 


Nitrogen monoxide is fairly reactive. Once released from the engine, it 
reacts rapidly with atmospheric oxygen to form nitrogen dioxide: 


2NO +O; —> 2NO; 


Nitrogen dioxide is a powerful corrosive agent that acts on metal, stone, and 
even human tissue. Its brown color is responsible for the brown haze typi- 
cally seen over a polluted city. 

Sunlight initiates the transformation oÊ nitrogen dioxide to nitric acid, 
HNO¿, which, along with sulfuric acid, is a prime component of acid rain. 
In aerosols, sunlight splits nitrogen dioxide into nitrogen monoxide and 
atOmic oxygen: 


sunlipht + NO; —> NO + O 


The nitroyzen monoxide reacts with atmospheric oxygen to re-form nitro- 
gen dioxide, and the atomic oxygen reacts with atmospheric oxygen to form 
OZOP€: 


O 8Ó; = O; 


zone 1s a pungent pollutant. Ít causes eye irritation and at hiph levels 
can be lethal. Plant life suffers when exposed to even relatively low concen- 
trations of ozone, and ¡ít causes rubber to harden and turn brittle. To pro- 
tect tires from ozone, manufacturers have Incorporated parafln wax, which 
reacts preferentially with the ozone, sparing the rubber. As weÌÌ see in Sec- 
tion l7.3, ozone 1s also formed by natural processes in the Earth§ strato- 
sphere, where ¡t filters out as mụuch as 95 percent of the sunS ultraviolet 
rays. So, at the Earths surface, ozone is a harmful pollutant, while 25 kilo- 
meters straight up it serves as a sunscreen and ¡s vital for the good health of 
all living oreanisms. 
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*ppm = parts per million 


A profile of average urban concentrations of nitrogen monoxide, nitro- 
gen dioxide, and ozone is given in Figure 17.8, which neatly shows how the 
formation of one ¡s related to the formation of the other two. Early morn- 
Ing rush hour causes a rapid increase in nitrogen monoxide, which by mid- 
morning has largely been converted to nitrogen dioxide. On a sunny day, 
following nitrogen dioxide formation, ozone levels begin to peak. In the 
absence of a temperature Inversion, late-afternoon winds clear the pollu- 
tants away. After a night o£ caÌlm, the cycle begins again. 

Another class of components In photochemical smog ¡is hydrocarbons, 
such as those found ¡n gasoline. In the presence of ozone, airborne hydro- 
carbons are transformed to aldehydes and ketones, many of which add to 
the foul odor o£smog. Also, incomplete combustion o£gasoline leads to the 
release of øølcycbc azøwziic byáyocarbozøs, which are known carcinogens. 
Signiicant amounts of hydrocarbons are also released each time a car 1s 
flled with gasoline. Because gasoline ¡s a volatile liquid, any air in a closed 
tank of gasoline ¡s loaded with gasoline vapors——even when the tank is near 
empty. Every time you fÏÏ up at the pump, these vapors, about 10 grams 
worth, are displaced and vented directly Into the atrmosphere. Newer gaso- 
line pumps have nozzles designed to trap most of these vapors, as shown In 


Rigure 17.9. 


Concept Check v 


How does the sun help disperse air pollutants? 


Was this ÿ0UF anSW€F? sunlight warms the ground,which in turn warms the air,which then rises, 
carrying with it many air pollutants. 


Catalytic Converters Reduce Automobile Emissions 


To reduce the production of photochemical smog, the Clean Air Áct 
amendments require that every automobile exhaust system be equippcd 
with a ø2/2jÿ/ic conuerter. As we discussed in Secdon 9.4, a catalyst Is an 
agent that increases the rate o£a chemical reaction without being consumed 


Figure 17.8 

The average daily concentration of 
nitrogen monoxide, nitrogen dioxide, 
and ozone in Los Angeles. 


Figure 17.9 

Some gasoline nozzles are equipped 
with a jacket that keeps gasoline 
Vapors from escaping into the 
atmosphere. Instead, the vapors are 
directed back to the main tank of 
the gas station through a secondary 
hose hidden within the nozzle. 
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Figure 17.10 

The catalyst of an automotive catalytic 
converter is typically a form of plat- 
inum, P†t; palladium, Pd; or rhodium, Rd. 
The production of catalytic converters 
is by far the largest market for these 
precious and semiprecious metals. 


by the reaction. Ideally, the complete combustion of gasoline generates onÌy 
carbon dioxide, CO›, and water vapor, HO. Less-than-ideal conditions 
lead to the release of uncombusted hydrocarbons and toxic carbon monox- 
ide, CO. Hot engine exhaust fumes containing these components pass 
through the catalytic converter, where catalysts catalyze the reactlons that 
didnt take place in the engine, meaning that hydrocarbons and carbon 
monoxide are converted to carbon dioxide and water. Âs noted in Section 
9.4, the catalysts of catalytic converters also reduce emissions of nitrogen 
monoxide, NO, by converting it to atmospheric nitrogen, N›, and oxygen, 
O¿. A typical converter is shown in Figure 17.10. 

The catalysis need not be restricted to the exhaust system. Ône Innova- 
tive design, shown in Figure 17.]], coats an automobiles radiator with a 
base-metal catalyst that “eats up” ozone, one of the main components of 
smOg. 


nh 


Figure 17.11 
The PremaAir® catalyst-coated radiator assists in the destruction of airborne pollutants, 
potentially turning vehicles into net pollution absorbers. 


173 Stratospheric Ozone Protecs the Earth - 
from Ultraviolet Radiation 


Ozone is formed from automobile emissions and is an urban air pollutant, 
but ít ïs also formed naturally in the stratosphere. At altitudes of 20 to 30 
kilometers, hiph-energy ultraviolet (UV) radiation breaks diatomic oxygen 
down to atomic oxygen, which then reacts with additional ©Ôs; to form 
OzOne: 


(O2 + UWTadation = 
Net reacion 3O; + UV radiatlon —> 2O; 


Thịs synthesis of ozone 1s of preat beneft to life on the Earth because If the 
ultraviolet radiatlon absorbed ¡in the reaction were to reach the Earth sur- 
face, it would cause immediate harm to living tissue. 
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WWhen ít absorbs ultraviolet radiation, ozone fragments into molecular 
Ooxygen and atomic oxygen. These molecules eventually re-form ozone. 


Because chemical bonds are created when ozone re-forms, heat €nerøy is 
released: 


O¿ + ỦV radiation —> O; + O 
O; EE: ==` Os + heat 


Net reacion (O; + UV radiation —> O¿ + heat 


Thus harmful ultraviolet radiation is transformed by ozone into a not-so- 
harmful slight heating of the stratosphere. Note that ozone is not lost in 
this transformation, which means it can continue to shield the Earthš sur- 
face indefinitely from ultraviolet radiation. 

The concentration of ozone in the stratosphere is quite small. If all of 
the ozone there were subjected to the amount ofatmospheric Pr€ssure pres- 
cnt at the Earth5 surface, the ozone layer would be only 3 millimeters thick 
Iinstead of 10 kilometers! Nevertheless, this ozone layer absorbs more than 
25 percent of the ultraviolet radiation that comes to our planet from the 
sun. It 1s the safety blanket of Planet Earth. 


Concept Check v 


ls there any chemical difference between stratospheric ozone and the 
ozone found in air pollution? 


Was this Yy0Uf answer? Absolutely not. Ozone, no matter where ít is found, ¡sa molecule made of 
three oxygen atoms. 


In the early 1970s, Mario Molina (b. 1943) of the Massachusetts Insti- 
tute of “lechnology, F. Sherwood Rowland (b. 1927) of the niversity of Cal- 
Ifornia Irvine, and Paul J. Crutzen (b. 1933) of the Max Planck Institute in 
Germany, all shown In Figure I7.12, recognized the potential threat to 
stratospheric ozone posed by chloroRuorocarbons (CFC$). Because CFCs are 


Figure 17.12 

Mario Molina, F. Sherwood Rowland, and Paul Crutzen at a press 
conference before receiving the 1995 Nobel Prize in Chemistry 
for their work in atmospheric chemistry, particularly concerning 
the formation and decomposition of stratospheric ozone. 
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Two of the most common CFCs, 

also known as freons, were CFC-† †1, 
trichlorofluoromethane, and CFC-12, 
dichlorodifluoromethane. At the 
height of CFC production in 1988, 
some 1.13 million tons was produced 
worldwide. Because of their Inertness, 
CFCs were once thought to pose little 
threat to the environment. 


Figure 17.14 
Pathway for the destruction of strato- 
spheric ozone by chlorofluorocarbons. 


inert gases, they were once commonly used in air conditioners and aerosol 
propellants.Two of the most frequently used CFCs are shown in Figure I1”), 

Estimates are that CECs are so stable that they remain in the atmosphere 
from 80 to 120 years, and they are now spread throughout the atmosphere. 
Even ¡in the most remote location, there are no fewer than 25 trillion CEC 
molecules in every liter of air you breathel Molina, Rowland, and Crutzen 
realized that CFC molecules reaching the stratosphere are fragmented when 
exposed to the harsh ultraviolet rays at this altitude, as illustrated ¡in Figure 
17.14. One of these fragments is atomic chỈorine, which can catalyze the 
destruction of ozone. One chlorine atom, it is now estimated, can cause the 
destruction of at least 100,000 ozone molecules in the one or two y€ars 
before the chlorine forms a hydrogen chloride molecule, HCI, and is car- 
ried away by atmospheric moIsturc. 

The fragility of stratospheric ozone came to the worldS attention in 
1985 with the discovery ofa seasonal depletion of stratospheric ozone over 
the Antarctic continent, a phenomenon known as the øzø£ ø/z. That 
atomic chlorine plays an active role in the destruction of Antarctic ozone 
can be shown by measuring chỈorine monoxide concentrations over this 
region. As shown ¡n Figure 17.14, chlorine monoxide is an intermediate 
molecule that forms during the chlorine-catalyzed destructlon of ozone. 
The data shown in Eigure 17.15, collected during flights over the South 
Pole, show the close relationship between stratospheric levels of chỈorine 
monoxide and ozone. The satellite photographs o£ Figure 17.16 reveal how 
the shape of the ozone hole corresponds to the shape of a map showing 
chlorine monoxide distribution. 
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break down, releasing 
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Chlorine monoxide reacts with 
another ozone molecule, creating 
two ©; molecules and one CÏ atom. 
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Figure 17.15 
Concentrations of stratospheric ozone and chlorine monoxide in southern latitudes. As chlorine 
monoxide levels increase, ozone levels decrease. The yellow highlighting shows where small 


fluctuations in ClO concentrations result in large fluctuations in O; concentrations. This is consis- 
tent with catalytic behavior. 


Chlorine Monoxide and the Ozone Hole 
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Figure 17.16 
Satellite images of the Southern Hemisphere, showing concentrations of chlorine monoxide 


adjacent to concentrations of stratospheric ozone in September 1996. 
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Figure 17.17 

False-color image of ozone levels over 
the Northern Hemisphere, recorded by 
NASAS total-ozone mapping spectro- 
meter (TOMS$). Purple and blue areas 
are areas of ozone depletion; green 
through red areas are areas of higher- 
than-normal ozone levels. 


Subsequent studies have shown that the cold, suill, sunless Antarctic 
winter favors the formation of stratospheric ice crystals, and airborne com- 
pounds containing chlorine atoms then accumulate on the crystals. Chem- 
ical reactions on and within the crystals lead to the formation of CỈ;. In 
September, which ¡s the beginning of the Antarctic spring, sunlipht returns 
and fragments the molecular chỈorine into vast amounts oŸozone-depleting 
atomic chlorine: 


Clạ + sunlipht —> 2 CÌ 


An important piece of evidence that some of this chỈorine comes from 
the breakdown of CFCs was the unusually high levels of Ñuorine compounds 
detected ¡n the Antarctic stratosphere. Whereas chỈorine compounds come 
from a number of natural sources, Ñuorine compounds in nature are rela- 
tively rare. The source of this stratospheric Ñuorine, therefore, is most likely 
chlorofuorocarbons. In addition to elevated fuorine levels, evidence of 
ozone depletion around the North Pole and mid-latitudes, shown ¡in Figure 
17.17, also confrmed the severity of the problem. 

There has been an unprecedented level of internatlonal cooperation 
toward banning ozone-destroying chemicals. The first major step was the 
signing of the 1987 Montreal Protocol on Substances That Deplete the 
Ozone Layer, which called for the reduction o£ CEFC production to one-half 
of 1986 levels by the year 1998. However, only a few years after the proto- 
col was ratified, in 1990, scientists confirmed that the CEC problem was 
much more serious than what they believed in 1987 when the protocol was 
drafred. The protocol was soon amended to call for cessation of alÌ CFC pro- 
duction by 1996. Even with the protocol in place and the continued coop- 
eration of all signed nations, however, the ozone-destroying actions of CFCs 
will be with us for some time. Atmospheric CFC leveÌs are not expected to 
drop back to the levels found before the ozone hole was formed until some- 
time in the twenty-second century. 


ADEOS/TOMS Macch 1997 NASA /GSFC 
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1⁄4 Air Pollution May Result in Global Warming 


Park your car with its windows closed in the Dripht sun, and its interior soon 
becomes quite toasty. The inside ofa greenhouse is similarly toasty. Thịs hap- 
pens because gÏass is transparent to visible light but not to infrared, as illus- 
trated in Eigure 17.18. As you may recall from Figure 5.5, wavelengths of vis- 
1ble light are shorter than wavclengths of infrared. Visible lipht wavelengths 
range Írom 400 nanometers to 740 nanometers, while infrared waveleneths 
range from 740 nanometers to a million nanometers, Short-wavelength visi- 
DÍe light from the sun enters your car or a greenhouse and is absorbed by var- 
Ious objJects—-car seats, pÏants, soil, whatever. The warmed objects then emit 
Infrared energy, which cannot escape throuph the glass, and so the infrared 
energy builds up inside, increasing the temperature. 


Shor†-woveleng†h visible ligh† 
vn from the sun is †ransmi††ed 


†hrough †he qlass. 


Lonq-wovelengfh infrared 
radiafion is no† †ransmi††ed 
ou† †hrouqah the slass and 

IS †rapped inside. 


A similar efect occurs in the EarthS atmosphere, which, like glass, is 
transparent to visible lipht emitted by the sun. The ground absorbs this 
enerey but radiates infrared waves. Atmospheric carbon dioxide, water 
vapor, and other select gases absorb and re-emit much of this ¡infrared 
energy back to the ground, as Figure L7.19 illustrates. This process, called 
the greenhouse effect, helps keep the Earth warm. The greenhouse effect 
1s quite desirable because the Earths average temperature would be a igid 
—18°C otherwise. Greenhouse warming also occurs on Venus but to a far 
greater extent. [he atmosphere surrounding Venus is much thicker than the 
Earths atmosphere, and its composition is 95 percent carbon dioxide, 
which brings surface temperatures to a scorching 450°C. 


Solar visible liqght —__ 


AMS...:a:'- 


Greenhouse 
gases 


Ear†h 


Figure 17.18 

Glass acts as a one-way valve, letting 
visible light in and preventing infrared 
energy from exiting. 


Figure 17.19 

The greenhouse effect in the Earths 
atmosphere. Visible light from the sun 
is absorbed by the ground, which then 
emits infrared radiation. Carbon diox- 
ide, water vapor, and other greenhouse 
gases in the atmosphere absorb and 
re-emit heat that would otherwise be 
radiated from the Earth into space. 
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Concept Check v 


What does ít mean to say that the greenhouse effect is like a one-way valve? 


Was this YOUF anSWeFT? The Farths atmosphere and glass both allow incoming visible waves to 
pass but not outgoing infrared waves. As a result, radiant energy is trapped. 


Atmospheric Carbon Dioxide ls a Greenhouse Gas 


The role of carbon dioxide as a greenhouse gas ¡s well documented. Core 
samples from polar ice sheets, for example, show a close relationship 
between atmospheric levels of carbon dioxide and global temperatures over 
the past 160,000 years. This reladonship ¡is graphed ¡in Figure 17.20. 
Ancient air in bubbles trapped ¡n the ice core, shown in Figure 17.21, can 
be sampled directly. The age of the air is a function of the depth of the core. 
Past global temperatures are determined by measuring the deuterium-to- 
hydrogen ratio in the trapped air. When global temperatures are relatively 
hiph, the ocean is warmer and larger fractions of water containing deu- 
terium evaporate from the ocean and fall as saow. A high deuterium-to- 
hydrogen ratio therefore indicates a warmer climate. 

There is strong evidence that recent human activities, such as the burn- 
ing of fossil fuels and deforestation, are responsible for some dramatic 
increases in atmospheric carbon dioxide levels. Prior to the Industrial Rev- 
olution, carbon dioxide levels were fairly constant at about 280 parts per 


Figure 17.20 


Levels of atmospheric carbon dioxide and global temperatures appear to be closely related to 
each other. 
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(a) 


Figure 17.21 

(a) lce cores reveal information about ancient 
climates. (b) Crystals of ice photographed in 
polarized light reveal tiny air bubbles contain- 
ing ancient air. 


million, as shown in Figure 17.22 on page 578. During the 1800s, however, 
levels began to climb, as Figure 17.23 on page 579 shows, reaching a level of 
300 parts per million in about 1910. Today§ level is a worrisome 360 parts 
per million! Interestingly, as can be seen in Figure 17.20, ice samples dating 
as far back as 160,000 years ago do not show atmospheric carbon dioxide 
levels ever exceeding 300 parts per million. In step with these increases, aver- 
age global temperatures since 1860 have increased by about 0.8 C°. Current 
estimates are that a doubling of todayS atmospheric carbon dioxide levels 
will increase the average plobal temperature by an additional 1.5 to 4.5 C°, 

Carbon dioxide ranks as the number-one gas emitted by human activ- 
itiles. Wfhen speaking of atmospheric pollutants such as sulfur dioxide, we 
talk in terms of millions of tons. The amount of carbon dioxide we pump 
Into the atmosphere, however, is measured in ZZ/øzs of tons, as Figure 
17.23 shows. A single tank of gasoline in an automobile produces up to 90 
kilograms of carbon dioxide. A jet fying from New York to Los Angeles 
releases more than 200,000 kilograms (about 300 tons). Above all, our 
population increases by about 236,000 ¡individuals every day, which 1s 
about 86 million individuals every year. In 1999, we passed the milestone 
o£ 6 billion humans, each oÊ us responsible for activitles that result ¡in the 
output of carbon dioxide. 

When direct monitoring ofatmospheric carbon dioxide began ¡n 1958, 
the global atmospheric reservoir of carbon dioxide was about 671 billion 
tons, a fñpure calculated from the observed concentration of 315 parts per 
million. By 1995, this amount had grown to 767 billion tons, which sim- 
ple subtraction tells us 1s an increase of 96 billion tons: 


1995 Global atmospheric reservoir of CO: 767 billion tons 
1958 Global atmospheric reservoir of COz: 671 billion tons 


Netincrease: + 96 billion tons 
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© South Pole 
e® Siple 
e Mauna Loa 


Figure 17.22 
Since the Industrial Revolution began in the late 1700s, atmospheric 
carbon dioxide levels have been increasing at accelerated rates. The 
yellow and red circles are data from ice samples, and the purple cỉr- 
cles are measurements from the Mauna Loa Observatory (also pre- 
sented on page 327 in Figure 10.18). (Note: The global temperature 
changes are shown here relative to the average annual temperature 
for the years 1950 through 1979.) 


Over the same period, humans released about 175 billion tons oÊ atmo- 
spheric carbon dioxide from fossil-fuel emissions alone. From these data, we 
can get a feel for natures ability to absorb carbon dioxide. Even though we 
pumped out 175 billion tons oÊ carbon dioxide, the total quantity in the 
atmosphere went up by only 96 billion tons. Models suggest that most o£ 
the difference was absorbed by the oceans. Âs we saw in Section 10.4, the 
occan, because Its water is alkaline, can absorb carbon dioxide. Carbon 
dioxide can also be absorbed by vegetaton during photosynthesis. It has 
been shown, for example, that trees grow more rapidly when exposed to 
hipher concentrations of carbon dioxide. 

That levels of atmospheric carbon dioxide have gone up by 96 billion 
tons tells us that we are exceeding nature5 absorbing power. Bear in mind, 
96 out of 767 is about 12 percent. Take a deep breath—at least 12 percent 
of the carbon dioxide you Just inhaled came from the combustion of fossil 
fuels and deforestation. 

W¡th less than 5 percent of the world population, the United States 
ranks first in carbon dioxide emissions and is responsible for about 25 per- 
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Figure 17.23 
Carbon dioxide emissions from the burning of fossil fuels 
have grown dramatically since 1860. 


cent of global carbon dioxide emissions. Industrial nations worldwide are 
responsible for about 58 percent of carbon dioxide emissions, primarily 
from the combustion of fossil fuels. Developing nations account for the 
remaining 42 percent, but their sources of carbon dioxide are split between 
fossil fuels (19 percent) and deforestation (23 percent). 

Deforestation presents multiple threats to atmospheric resources. If the 
cụt wood is used for fuel rather than lumber, burning the fuel releases carbon 
dioxide into the atmosphere. Whether the wood ¡s used for fuel or for lum- 
ber, thouph, cutting down any forest destroys a net absorber of carbon diox- 
1de. Furthermore, tropical forests have the capacity to evaporate vast volumes 
Of water vapor, which assist In the formation o£ clouds. The clouds ¡n turn 
keep repions cool by refecting sunlipht and moist by precipitating rain. 
Farmers who burn down rainforests for farmland, therefore, are simultane- 
ously cutting of their future supply of rainwater. When their farms become 
đesert, they are then spurred to burn even more of the rainforest. So far, about 
65 percent of all rainforests have been destroyed. Át present rates, within a 
few decades remaining rainforests will not be able to sustain regional cÌimates, 
which will leave more than a billion citlzens of the rapidÌy growing commu- 
nities of South America, Africa, and Indonesia in the midst of arid land. 

As their economies and populations continue to grow over the next sev- 
eral decades, developing nations will likely surpass industrial nations in the 
amounts of carbon dioxide and other pollutants they emit. Ás discussed in 
Chapter 19, however, new energy-efficlent technologies that minimize 
emissions are now available. In a best-case scenario, developing nations wilÏ 
be able to utilize these new technologies while maintaining needed eco- 


nomic growth. 


The Potential Effects of Global Warming Are Uncertain 


There is general consensus that increased levels ofatmospheric carbon diox- 
ide and other greenhouse gases will result in global warming. How mụch 
temperatures may rise, how€ver, is unCertain, 4s ar€ the potential effects of 
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the temperature increases. This uncertainty is due to the large number of 
variables that determine global weather. The sun5 intensity, for example, 
changes over time, as does the oceans ability to absorb and distribute green- 
house heat. Another variable ¡s the cooling effect of cloud cover, atmo- 
spheric dust, aerosols, and ice sheets, which all serve to relect incoming 
solar radiation. 

A number of mechanisms may ease or even reverse global warming. For 
cxample, we may have underestimated the capacity oŸ oceans and plants to 
absorb carbon dioxide. Greater levels of atmospheric carbon dioxide may 
simply mean more carbon dioxide in the ocean and more abundant plant 
life. Furthermore, warmer global temperatures could mean an Increase in 
cloud cover worldwide and an increase in snowfall in the polar regions. Both 
of these effects would tend to cool the Earth by increasing the refection of 
solar energy. If the cloud cover and snowfall became unusually extensive, 
continued refection of solar radiation could even trigger an Ice age. 

On the other hand, mechanisms may enhance global warming. Ñarmer 
oceans might have a diminished capacity to absorb carbon dioxide because 
the solubility of carbon dioxide in water decreases with Increasing temper- 
ature. Rapid climatic changes might destroy vast regions of forests and veg- 
etation, meaning those reservoirs for carbon dioxide absorption would no 
longer exist. Alternatively, more abundant plant life might not be as bene- 
ficial for the atmosphere as we hope because, although plants absorb carbon 
dioxide, they also emit other greenhouse gases, such as methane. Warmer 
global temperatures mipht also enhance microbial activity in the soil. 
Microbes decaying organic matter are a sipnificant source of carbon diox- 
ide in dry soils and a source of methane in wet soils. Furthermore, large 
quantities of methane locked in Arctic permafrost may also be released as a 


consequence of warmer terrain. s represented In Flgure 17.24, we Just 
dont know. 


Figure 17.24 
Which weather extreme might become more prevalent as greenhouse gases continue to 
increase? Either one is possible. 


An average global temperature increase of only a few degrees would not 
be felt uniformly around the world. Instead, some places would experience 
wider uctuations than others. For example, the number of days tempera- 
tures reach above 32°C (90°F) might double in New York City but remain 
unchanged in Los Angeles. The number of days in polar regions when tem- 
p€ratures rise above 0°C mighr double or even triple, causing glaciers and 
polar ice sheets to melt. Melting ice combined with the thermal expansion 
Of ocean waters would lead to an increase in sea level. Many climatologists 
project that a global temperature increase of a few degrees over the next 50 
to 100 years may raise sea level by about l meter, enouph to inundate many 
coastal reglons and displace millions of people. 

Small changes ¡in average global temperatures would also change 
weather patterns. The warming of the equatorial eastern Paciic Ocean dur- 
¡ng an EÌ Niño, for example, is already known to change local weather pat- 
terns throuphout the world. If the whole planet were to warm by a few 
degrees, the impact would be far greater. What is now fertile agricultural 
land may turn barren while land now barren may turn fertile. ©ver the past 
several decades, for example, average ølobal temperatures have edged up by 
about 0.2 C°. In step with this warming trend, the growing seasons of the 
Great Plains of Canada are now more than one week longer than they were 
just several decades ago. As weather patterns change, one nation5 gain may 
well be another nations loss. Developing nations lacking the resources to 
make adJustments, however, would be the hardest hit. 


Concept Check v 


Why are scientists uncertain about the potential effects of global warming? 


Was this VOUF afSWF? The uncertainty is due to the large number of variables that determine 
global weather. As the debates continue, bear in mind that the issue is not global warming itself but 
rather its potential effects. One thing that is certain is that if the levels of greenhouse gases in the atmos- 
phere continue to rise, there will definitely be an increase in average global temperatures. 


In Perspecftive 


Science tells us that the potential for human-induced global warming is 
real, but the extent of global warming is uncertain. Actual detection will 
come only from a slow but steady accumulation of evidence. What should 
be done in the meantime is not a scientifc ¡issue but rather a societal one. 
One societal response to global warming is to adapt to the changes aS 
they occur. Economists argue that large uncertainties In cÏimate proJections 
make it unwise to spend large suưms trying to avert disasters that may never 
materialize. Adjusting to immediate changes would be more directed and 
far less costly. Some measures, however, could be taken now to simplify 
future difficulties. Irrigation systems, for example, mipht be made more 
efficient because even without a major climatic change, such an Improve- 
ment would make it easier to cope with normal extremes In weather. 


In Pespective 
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A second societal response is to take preventive measures to minimize 
global warming. Emissions of greenhouse gases could be kept low by energy 
conservation and by shifting to fuels containing lower percentages of car- 
bon, such as natural gas or, ultimately, hydrogen. AÏternative energy sOurces 
such as biomass, solar thermal electric generation, wind power, and photo- 
voltaics could also be exploited. Governments may aÌso come to agree on a 
set of standards for emissions of carbon dioxide and other greenhouse ø4s€s. 
“Polluting rights” may be granted to cach nation based on such factors as 
population and the need for economic growth. 

The best public policies will be the ones that yield benefits even in the 
absence of global warming. A reduction in fossil-fuel use, for example, 
would curb air pollution, acid rain, and the dependence of many countries 
on foreign oil producers. Developing alternative energy sOUurces, revising 
water laws, searching for drought-resistant crop strains, and negotlating 
International agreements are alÏ steps ofering widespread benefts. 


Key Terms and Matching Definitions 


aerosol 

atmospheric pressure 
øreenhouse effect 
Industrial smog 
particulate 


photochemical smog 


W, 


stratosphere 
troposphere 


The pressure exerted on any object immersed in 
the atmosphere. 


- The atmospheric layer closest to the Earth sur- 


face, containing 90 percent of the atmospheres 
mass and essentially all water vapor and clouds. 


._ The atmospheric layer that lies just above the 


troposphere and contains the ozone layer, 


- Á moisture-coated microscopic airborne particle 


up to 0.01 millimeter in diameter that is a site 
for many atmospheric chemical reactions. 


. An airborne particle having a diameter greater 


than 0.01 millimeter. 


-- Visible airborne pollution containing large 


amounts of particulates and sulfur dioxide and 
produced largely from the combustion of coal 
and oIl. 


.- Airborne pollution consisting o£ pollutants that 


participate in chemical reactions induced by 
sunliphr. 


.- The process by which visible light from the sun 


is absorbed by the Earth, which then emits 
infrared energy that cannot escape and so 
warms the atmosphere. 


Review Questions 
The Earth's Atmosphere Is a Mixture of Gases 


lệ 


Why doesnt gravity Ẩfatten the atmosphere 
against the Earths surface? 


. Which elements make up todayS atmosphere? 


. Which chemical compounds make up todayS 


atmosphere? 


. In which atmospheric layer does all our weather 


Occur? 


sì 
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Does temperature increase or decrease as one 
moves upward in the troposphere? Ás one 
moves upward in the stratosphere? 


Human Activities Have Increased Air Pollution 


6. 


10. 


Nhat ¡s the difference between an aerosol and 
a particulate? 


. Mhatisa temperature Inversion? 


- What 1s the difference between ¡ndustrial smog 


and photochemical smog? 


- How do unburned hydrocarbons contribute to 


atr polluton? 


How does a catalytic converter reduce the out- 
put of air pollutants from an automobile? 


Stratospheric Ozone Protects the Earth 
from Ultraviolet Radiation 


I1 
đó 
lội 


14. 


lD, 


How 1s ozone produced ¡in the stratosphere? 
WWhy Is stratospheric ozone so important? 


Where else besides Antarctica are there signs of 
the depletion of stratospheric ozone? 


WWhen was the potential harm of chloroluoro- 
carbons first recognized)? 


During what time of the year is Antarctic 
stratospheric ozone depletion the greatest? 


Explain. 


Air Pollution May Result in Global Warming 


16. 


l7. 


18. 


lồi. 


2U, 


How do greenhouse gases keep the Earth$ sur- 
face warm? 


How do sclentists estimate the age of ancient air 
in bubbles trapped In an ice core? 


How is the burning of tropical rainforests a 
triple threat to weather patterns? 


Nhat ¡s the most abundant air pollutant pro- 
duced by human activities? 


Why do sclentists differ in their opinions about 
the potential effects of global warming? 
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21. Contrast the two types of societal responses to 
ølobal warming discussed In the text. 


Hands-On Chemistry Insights 
Atmospheric Can-Crusher 


hen the molecules of water vapor come In contact 
with the room-temperature water in the saucepan, 
they condense, leaving a very low pressure inside the 
can. The much greater surrounding atmospheric 
pressure crushes the can. Here you see dramatically 
how pressure 1s reduced by condensation. This occurs 
because liquid water occupies much less volume than 
does the same mass of water vapor. As the vapor mol- 
ecules come together to form the liquid, they leave a 
void (low pressure). 

Thịís activity also shows how the atmospherIC pres- 
sure surrounding us is very real and signiicant. 


ExerCIseS 


1. Gas flls all the space available to ¡t. hy then 
doesnt the atmosphere go off into space? 


2. How does the density of air in Death Valley, 
which is 86 meters below sea level, compare 
with the density of air at sea level? Explain. 


3. Why do your ears pop when you go up In an 
airplane? 


4. Before boarding an atrplane, you buy an airtight 
foil package of peanuts to eat during your jour- 
ney. Ñhile in fipht you notice that the package 
1s pufed up. Explain. 


5. Should the atmospheric ratio of nitrogen mole- 
cules to oxyeen molecules Increase or decrease 
with Increasing altitude? 


6. Ñce can understand how pressure in water 
depends on depth by considering a stack of 
bricks. The pressure at the bottom face of the 
bottom brick corresponds to the weipht of 
the entire stack. Halfway up the stack, the 
pressure ¡s half the bottom value because the 
weipht of the bricks above ¡s half the total 
weight. Ïo explain atmospheric pressure, we 


10. 


lỗ 


lốc 


liêu 


17, 


18. 


should consider a similar scenario but with 
compressible bricks made from a material like 


foam rubber. Why? 


. Burning coal produces sulfur oxides. Where did 


the sulfur originate? 


. In a still room, cigar smoke sometimes rises 


only partway to the celing. Explain. 


. Airborne sulfur dioxide doesnt remain airborne 


indefnitely. How ¡s it removed from the atmo- 
sphere, and where does most of it end up? 


Once formed, why Is a temperature Inversion 
such a stable weather system? 


The atmosphere is primarlly nitrogen, N›, and 
oxygen, O;. Under what conditions do these 
two materials react to form nitrogen monox- 
ide, NÓ? WWrite a balanced equation for this 


reaction. 


A catalytic converter Iincreases the amount 
of carbon dioxide emitted by an automobile. 
Ís this good news or bad news? Explain. 


. Explain the connection between photosynthetic 


life on the Earth and the ozone layer. 


. How close are you to a CFC molecule ripht 


now? Explain. 


.- Does the ozone pollution from automobiles 


help alleviate the ozone hole over the South 
Pole? IDefend your answcr. 


Chlorine is put into the atmosphere by volca- 
noes in the form of hydrogen chloride, HC], 
but this form of chÏorine does not remain in 
the atmosphere for very long. ÑWhy? 


Why ¡is whitewash sometimes applied to the 
Ølass of preenhouses in the summer? 


Humans are pumping more and more carbon 
dioxide into the atmosphere, but the atmo- 


IS, 


zĐ. 


spheric concentrations of this gas are not 


InCreasing Proportionately. Supgest an 
explanation. 


IF the composition of the upper atmosphere 
were changed so that a greater amount oỀ terres- 
trial radiation escaped, what effect would this 
have on the Earths climate? 


Geological records indicate that many ice ages 
were Initiated by periods of unusually warm 
weather. How can warm weather precipitate an 
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3. Politicians in the United States have proposed 


taxing individuals and industries for the amount 
of CO; they emit by burning fossil fuels. Col- 
lected revenue would be placed in a trust fund 
to subsidize consumers who purchase energy- 
efficient devices, such as Ñuorescent light bulbs 
and high-mileage automobiles. IDiscuss the pros 
and cons of such a proposal. What modifica- 
tions mipht you make to it? 


ice age) Answers to Calculation Corner 
Dense as Air 


Problems 1. The density of the air in the tank is 1.25 kilo- 


1. 


Đ, 


Ás stated ¡in the text, there are about 25 trillion 
(25,000,000,000,000 = 2.5 x 101) chloro- 
Ruorocarbon molecules in every liter of air you 
breathe. Think critically about this statement. 
WWhat information would you need to know If 
you wanrted to calculate the percentape of CFCs 
1n Our aIr? 


.  There are 1000 liters in 1 cubic meter and 


1000 grams In 1 kilogram. How many grams 
Of air are there in 1.00 liter of air? (Assume a 


density of 1.25 kg/mỶ.) 


Assume aïr has an average molar mass of 

28 g/mole, and determine how many moles of 
air molecules there are ¡n 1 liter of air. (See 
Section 9.2 for a review of this calculation.) 


. How many moles of CFC molecules are there In 


every liter of air you breathe, and what percent- 
age of air ¡s this? (Assume a CFC molecular mass 
of 120 g/mole.) 


Discussion Topics 
1. 


Nhat kinds of air pollution have you been 
directly and indirectly responsible for in the 
past 24 hours? Rank these pollutants in order 
of the quantities you think you produced. 
Make a list of the sources of these pollutants, 
such as gasoline or electricity: 


. Which ¡s a more pressing problem: ozone deple- 


tion or global warming? To what depree are the 
two interrelated? 


grams/cubic meter. The mass of this air is found 
by multiplying by the tank volume: 


l6 22x45 
mm 


x 0.0100.nŸ = 0.0125 kg 


‹ The mass of the air is found by multiplying 


the density of the alr in the tank by the tank 
volume: 


240 kg 


x0.0100.m” = 2.40 kg 


Exploring Further 


http://www.epa.gov/oar/oarhome.html 


The Office of Air and Radiation of the U.S. 
Environmental Protectlon Agency protects aIr 
quality. Explore links to information on such 
topIcs as urban air qualiry, automobile emis- 
sions, the ozone layer, acid rain, and Indoor 
aIT. 


http://www.ucsusa.org/resources/index.html 


The global-resources site for the Union oÊ 
Concerned Sclentists. Follow the link to ozone 
depletion for a list of frequently asked questions 
and an overview of the sclence behind ozone 
đepletion. 


http://www.cmdl.noaa.gov 


The home page for the Climate Monitoring and 
Diagnostics Laboratory (CMDL) of the National 
Oceanic and Atmospheric Administration. This 
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Organ1zation monitors øreenhouse øases, 
aerosols, ozone, ozone-depleting gases, and 
solar and terrestrial radiation at sites located 
around the world. 


http://www.engelhard.com 


To learn more about the PremAir ozone to 
oxygen catalyst, type PremAir into the search 
engine of Engelhard. 


http://toms.gsfc.nasa.gov/ozone/ozone.html 


Since 1977, global ozone maps have been gener- 
ated continuously by the TOMS satellite, and 
they are available to you here through this web- 
site. Also, be sure to check out their online text- 
book about stratospheric ozone. 


http://toms.gsfc.nasa.gov/aerosols/aerosols.html 


Global aerosol levels as measured by the Earth 
Probe, ADEOS, and Nimbus 7 satellites can be 
found at this Web address. Scientists use this 
data to observe a wide range of phenomena 
such as desert dust storms, forest fires, and 
biomass burning. 


Air Resources 
Visit The Chemistry Place at: 
WWW.aw.com/chemplace 


A Look at the Materials of Our Society 


In addition to their stunning beauty, diamonds also have great usefulness 
because of their remarkable properties, which include extreme hardness, 
superlative ability to conduct heat, and resistance to corrosive chemicals. Ìn 
the 1950s, researchers learned how to produce artificial diamonds. Although 
not of gem quality, laboratory-produced diamonds find many applications, 
particularly for abrasive surfaces, such as that of a dentists drill bit. In the 
1970s and 19805, techniques were developed to produce thin films of dia- 
mong, and by the 1990s, scientists could fabricate diamond films into such 
devices as nanometer-scale calipers. Used for microscopic measurements, 
these calipers are made entirely of diamond, and their width is smaller than 
the diameter of a human hair. Other diamond nanostructures are currently 
under development, including a miniature robotic motor that may one day 
roam through your bloodstream removing plaque or delivering anticancer 
agents directly to tumors. 

These applications of diamond films may seem fantastic now and wil| 
receive much attention once they are realized. Eventually our amazement 
will fade, however,and we will take this technology for granted. Our standard 
of living will have been raised, as will our expectations for what we can 
achieve by understanding the šubmicroscopic worid. 

The main goal of this chapter is to instill in you an excitement for those 
“common” materials that have already had an impact on society. Some 
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Figure 18.1 

Take a close look at a piece of paper, 
and youll see that paper is made of 
numerous tỉny cellulose fibers. 


Figure 18.2 
A modern Fourdrinier machine for 
manufacturing paper. 


advanced materials are introduced, but for the most part the chapter Íocuses on 
paper, plastic, metals, glass, and ceramics. The history of these materials is pre- 
sented for your general interest and to help you gain a better perspective on the 
impact materials have had—-and will surely continue to have—on the way we live. 


18.1  Paper ls Made of Cellulose Fibers 


No material has been more vital to the development of modern civilization 
than paper. With its advent, knowledge could be recorded, allowing us 
to learn from our mistakes as welÏ as our successes. Furthermore, with 
paper, and the subsequent invention of the printing press, knowl- 
edge became accessible to a broad range of people. lechnological, 
political, and social revolutions followed, and from these move- 
ments arose our complex modern societies. 
Paper is reported to have been made in China as earÏy as A.D. 
100, when cellulose fñbers from mulberry bark were pounded ¡nto 
thin sheets. Finer paper was eventually produced by lifting a sik screen 
up through a suspension of cellulose fñbers in water, so that entanpled 
Rñbers collected on the screen. After drying, the ñbers remained inrertwined, 
forming a sheet of paper, as shown ¡in FEigure 18.1. 

Paper was Introduced to the WWestern world by the Arabs, who in the 
eighth century learned how to make paper from Chinese papermakers cap- 
tured in battle. Paper mills were soon established, and the technology 
spread swiftly to Europe. The frst European paper mills were buiÌt in Spain 
85 eaTiyas A1011), 

Only handmade single sheets of paper were fabricated unrtil, in 1798, a 
machine that could make continuous rolls oF paper was invented in France. 
Thịis machine consisted of a conveyor belt submerged at one end in a vat of 
suspended cellulose ñbers. The conveyor beÌt was a screen so that water 
would drain from it as fibers were pulled out of the suspension. The entan- 
gled fñbers were then squeezed through a series of rollers to create a long 
continuous sheet of paper. Within a few years, an improved version of this 
machine that used heated rollers was produced in England. The improved 
machine was called the Fourdrinier, after a wealthy industrialist who 
ñnanced its creation. Automated Fourdrinier machines, such as the one 
shown in Figure 18.2, are still used today. 

Most earÌy paper was made from fibrous plant materials, such as bark, 
shrubs, and various grasses. Wood was not used because its fñbers are 
embedded in a highly adhesive matrix oŸ /øz2z, a naturally occurring poly- 
mer that does not dissolve in water. In 1867, researchers in the United 
States discovered that wood fibers could be isolated by soaking wood chips 
¡n sulfurous acid, which dissolves the lignin. The ability to make paper 
from wood was a great boon to entrepreneurs in North America because of 
that continents once vast supply of trees. At about the same time, additives 
such as rosin and alum were added to strengthen paper and to make it 
accept ink well. Paper manufacturers whitened paper by bleaching it with 
chlorine and by incorporating opaque white minerals, such as titanium 
dioxide. Most large-scale papermaking processes today are basically 
unchanged from these carlier methods, except that chỈorine is no longer 
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Figure 18.3 

ln 1984, the Library of Congress esti- 
mated that 25 percent, or 3 million 
volumes, of its collection had become 
too brittle for circulation. 


used because of the cancer-causing dioxins that form as paper ¡s bleached. 
About 75 percent of the paper made in the United States comes from wood 
pulp. with the remainder coming from recycled wastepaper. 

Paper made with rosin and alum tends to turn yellow and brittle within 
a matter of decades, as shown in Eigure 18.3. Thịis is because of the acidic 
nature of these additives, which catalyze the decomposition of the cellulose 
fbers. Noncorrosive alkaline alternatives were developed ¡in the 1950s. 
Paper made with alkaline binders are designated 2ze//zz/ which means they 
lasta minimum of 300 years. Until recently, alkaline binders were not used 
much because of their greater cost and because of a lack of demand from 
consumers. Paper companies were ñnally prompted to make the switch to 
“acid-free” paper in the late 1980s when the cost of wood pulp skyrocketed. 
Paper made with acidic rosin and alum binders must be at least 90 percent 
Rber in order to maintain strength, whereas paper made with alkaline 
binders maintains strength with as little as 75 percent fiber. Less Hber trans- 
lates to monetary savIngs. 

A secondary benefit of alkaline binders is that, in a nonacidic environ- 
ment, cheap and abundant calctum carbonate can be used as a whitener in 
place of relatively expensive titanium dioxide. Acid-free paper has the addcd 
advantage that peroxide bleaches can be used on it instead of chÏorine. Fur- 
thermore, consumers have come to recognize the value of archival-quality 
paper and are now demanding ¡ts production. 


Concept Check v 
Was paper made before the mid-1800s acid-free? 


Was this Yy0uT anSWeF? ves,because acidic rosin and alum binders were not used in papermaking 
until the mid-1800s. (Books from the early 1800s can be found in pristine condition, whereas books from 


the 1960s are today often too brittle to read.) 
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Hands-On Chemistry: Papermaking 


You can make paper at home by passing a screen through a soupy suspension 
of cellulose fibers, also known as pulp. 


What You Need 


Clean foam meat tray, window screen (available from a hardware store), duct 
tape, cellulose-containing material (scraps of paper, lint from clothes-dryer 
screen, cotton rags, dried leaves, flower petals, grass clippings, coffee grounds), 
measuring cup, blender,warm water, cooking pot having diameter greater than 
longer dimension of meat tray, 2 large towels, sponge, toothpicks 


Procedure 


) Build a dipping screen by cutting out most of the bottom of the tray. 
Cut a piece of window screen to ft the hole, and tape it to the tray. 


) Cut the cellulose-containing material into very small pieces (so as not 
to clog the blender). 


(8) Fill the blender three-fourths full of warm water. Turn on low speed 
and sÍowly add 1 cup of the shredded material. There should always be 
much more water in the blender than solid matter. Blend the material 
to a fine pulp. 


 Pour the pulp into the pot. Add more water if necessary to give a 
depth of about 10 centimeters. Submerge the dipping screen and agi- 
tate the mixture to maintain homogeneity. Then hold the screen flat 
and lift it straight up out of the suspension to collect a thin layer of 
pulp. 


() Carefully invert the screen onto the towel, rub across the inverted 
screen with a damp sponge, and then carefully lift the screen, leaving 
the pulp behind. lf necessary, use a toothpick to poke or pry the pulp 
free of the screen. 


) Press down on the pulp with a second towel to flatten it and remove 
as mụch water as possible. Lay the resulting paper out to dry on a flat 
surface. 


ẨW€ use trees to meet our paper needs because they are abundant and 
renewable——for every tree cut down, a new one can be planted. However, 
growing and harvesting trees has some significant drawbacks. Timber 
takes decades to mature. This time frame is already not fast enough to 
keep up with our increasing demand. Also, replanting timber does not 
re-create a forest. Timber is typically replanted as a monoculture suited 
primarily for industrial needs. Á true forest is a more evolved system of 
many species that thrive in one anotherS presence. 
` TÊN TS 1 niên của There are a number of possible alternatives to trees for the mass 
Ti§n _—_-~ ayaaaaosov S°Bf00d0cĐ0n of pAp€T, including willow, kenaf, and industrial hemp, the 
HH nn aẽa latter shown being harvested in Figure 18.4. Each of these plants produces 
harvested on a modern farm in Spain. more than three times as much fber per acre than trees do. They are also 


18.2 The Development of Plastics Involved Experimentation and Discovery 591 


fast-growing plants, which means they replenish quickly. Whereas ¡t takes 
20 years before trees can be harvested, these plants, when grown in favor- 
able climates, can be barvested three times in a single year. Also, the lignin 
content of willow, kenaf, and industrial hemp ¡s quite low, which means 
their cellulose fibers are relatively easy to separate. IÝ paper mills switched 
from wood to one of these alternatives, they could avoid the use of count- 
less gallons of sulfurous acid, which is not only hazardous to the environ- 
ment but largely responsible for the stink associated with paper production. 
The energy content of these rapidly growing plants is also of interest, espe- 
cially to utility companies, who may one day burn plant material rather 
than oil for the production of electricity (Secton 19.6). 

Today, we use an enormous amount of paper—about 70 million tons a 
year in the United States alone. Thatšs about 230 kilograms, or six full-sized 
trees, for cach U.S. citizen. Currently, we recycle only about 25 percent of the 
paper we use. [he rest we throw away. This is unfortunate because recycling 
paper does more than just save trees. A lot of energy ¡is required to make paper 
from a tree. Less than half as much energy ¡s needed to process old paper into 
new. Remarkably, about 50 percent of the solid waste produced ¡in North 
America is paper. What have you done with your 230 kilograms this past year? 


18.2 The Development of Plastics Involved 
Experimentation and Discovery 


In Chapter 12, you learned about the great variety oÊ synthetic polymers 
and their uses. This section covers the inventors who developed these poly- 
mers and the effect these new materials have had on society. [he successes 
and failures in the story of plastics show how chemistry is a process of 
experimentation and discovery. Ás you read through this section, you may 
want to refer back to the structures and reactlons shown in Chapter 12. 
The search for a liphtweight, nonbreakable, moldable material began 
with the invention o£ vulcanized rubber. This material ¡s derived from nat- 
ural rubber, which ¡s a semisolid, elastic, natural polymer. The fundamen- 
tal chemical unit of natural rubber ¡s polyisoprene, which plants produce 
from isoprene molecules, as shown In Figure 18.5. In the 1700s, natural 


' 6... 1x . 
Figure 18.5 
Isoprene molecules react with one 


another to form polyisoprene, the fun- 
damental chemical unit of natural rub- lsoprene lsoprene lsoprene 
ber, which comes from rubber trees. 


Poly ation 


Polyisoprene 
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Figure 18.6 

(a) When stretched, the individual poly- 
isoprene strands in natural rubber slip 
past one another and the rubber stays 
stretched. (b) When vulcanized rubber 
Ís stretched, the sulfur cross-links hold 
the strands together, allowing the rub- 
ber to return to its original shape. 


rubber was noted for its ability to rub off pencil marks, which ¡s the origin 
of the term z##£z. Natural rubber has few other uses, however, because It 
turns øooey at warm temperatures and brittle at cold temperatures. 

In 1839, an American inventor, Charles Goodyear, discovered z//ør 
0wÏca7zafionw, a process in which natural rubber and sulfur are heated 
together. (His discovery occurred after he accidenrally tipped an open Jjar 
of sulfur into a pot of heated natural rubber.) The product, vulcanized 
rubber, ¡s harder than natural rubber and retains Its eÌlastic properties OVer 
a wide range of temperatures. This is the result of 225/042 cross-lnkbzng 
between polymer chains, as illustrated in Eigure 18.6. 


Ï 


Polymer strands 
¬à> —== 


(a) Original form Stretched with little tendency 
to snap back to original form 


Polymer strands 


(b) Vulcanized form with disulfide cross-links Stretched with great tendency to 
snap back because of cross-Ìinks 


Vulcanized rubber has found innumerable applications, from tires 
to rain gear, and has grown into a mulubillion dollar industry. To help 
quench our ever-growing thirst for vulcanized rubber, natural rubber (poly- 
Isoprene) is now synthesized from petroleum distillates. 

Goodyear unfortunately reaped very few rewards from his discovery. 
He was a man of ¡ÌÍ health who died ín jail serving time for debts he was 
unable to pay. The present-day Goodyear Corporation was founded not by 
Goodyear but by others who sought to pay tribute to hís name l5 years 
after he died. 

In 1845, as vulcanized rubber was becoming popular, the Swiss chem- 
Istry professor Christian Schobein wiped up a spilled mixture of nitric and 
sulfuric acids with a cotton rag that he then hung up to dry. ÑWithin a few 
minutes, the rag burst into Ñames and then vanished, leaving only a tỉny bit 
of ash. Schobein had discovered nitrocellulose, in which most of the 
hydroxyl groups in cellulose are bonded to nitrate groups, as Figure 18.7 
illustrates. SchobeinS attempts to market nitrocellulose as a smokeless gun- 
powder (gzzcø/#øz) were unsuccessful, mainly because ofa number of lethal 
explosions at plants producing the material. 
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Nitrate group 
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Nitrocellulose (cellulose nitrate) 


Collodion and Celluloid Begin with Nitrocellulose 


Although Schobein failed at marketing guncotton, researchers in France 
discovered that solvents such as diethyl ether and alcohol transformed 
nitrocellulose to a gel that could be molded ¡nto various shapes. Further- 
more, spread thin on a at surface, the gel dried to a tough, cÌear, trans- 
parent fiÌm. This workable nitrocellulose material was dubbed eø22/øø, 
and its ñrst application was as a medical dressing for cuts. 

In 1855, the moldable features of collodion were exploited by the British 
Iinventor and chemist Alexander Parkes, who marketed the material as Parke- 
sine. Combs, earrings, buttons, bracelets, billiard balls, and even false teeth 
were manufactured ¡n his factorles. Parkes chose to Íocus more on quantity 
than on quality, however. Because he used low-grade cotton and cheap but 
unsuitable solvents, many o£ his products lacked durability, which led to 
commercial falure. In 1870, John Hyatt, a young inventor from Albany, 
New York, discovered that collodions moldable properties were vastly 
improved by using camphor as a solvent. Hyatts brother Isaiah named this 
camphor-based nitrocellulose material e//øz⁄ Because of its greater work- 
ability, celluloid became the plastic of choice for the manufacture of many 
household items. In addition, thin transparent RñÌms of celluloid made excel- 
lent supports for photosensitive emulsions, a boon to the photography 
industry and a first step in the development oŸ motion pictures. 

As wonderful as celluloid was, ¡t still had the major drawback of being 
highly Hammable. Today, one of the few commercially available products 
made of celluloid ¡s Ping-Pong balls, shown in FEigure 18.8. 


Bakelite Was the First Widely Used Plastic 


About 1899, Leo Baekeland, a chemist who had immigrated to the United 
States from Belgium, developed an emulsion for photographic paper that 
was exceptional in its sensitivity to light. He sold his invention to George 
Eastman, who had made a fortune selling celluloid-based photographic ñÌm 
along with his portable Kodak camera. Expecting no more than $50,000 for 
his invention, Baekeland was shocked at Eastman§ Initlal offer of $750,000 
(In todays dollars, that would be about $25 million). Suddenly a very 
wealthy man, Baekeland was free to pursue his chemical Interests. 

He decided that the material the world needed most was a synthetic 
shellac to replace the natural shellac produced from the resinous S€CT€tIOIS 
of the lac beetle native to southeastern Asia. At the time, shellac was the 


Figure 18.7 

Nitrocellulose, also known as cellulose 
nitrate, is highly combustible because 

of its many nitrate groups, which facili- 
tate oxidation. 


(b) 


Figure 18.8 

(a) Smell a freshly cut Ping-Pong baill, 
and you will note the distinct odor of 
camphor, which is the same smell that 
arises from heat cream for sore mus- 
cles. This camphor comes from the 
celluloid from which the ball is made. 
(b) Ping-Pong balls burn rapidly 
because they are made of nitrocellulose. 
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(a) The molecular network of Bake- 
: OH : lite shown in two dimensions. (The 
actual structure projects in all three 
Phenol-formaldehyde resin dimensions.) (b) The first handset 
(a) (Bakelite) telephones were made of Bakelite. 


optimal insulator for electrical wires. Ever since Edisons 1879 invention of 
the incandescent light bulb, miles of shellac-coated metal wire were being 
stretched across the land. The supply of shellac, however, was unable to 
keep up with demand. 

Baekeland explored a tarlike solid once produced ¡in the laboratories of 
Alfred von Baeyer, the German chemist who played a role in the develop- 
ment of aspirin. Whereas Baeyer had dismissed the solid as worthless, 
Baekeland saw ít as a virtual gold mine. After several years, he produced 
a resin that, when poured ¡into a mold and then heated under pressure, 
solidiRed into a transparent positive of the mold. Baekeland resin was a 
mixture of formaldehyde and a phenol that polymerized into the complex 
network shown in Fipure 18.9, 

The solidiRied material, which he called Öz#e/e, was impervious to 
harsh acids or bases, wide temperature extremes, and just about any solvent. 
Bakelite quickly replaced celluloid as a molding medium, finding a wide 
varlety of uses for several decades. It wasnt until the 1930s that aÌternative 
thermoset polymers (Section 12.4) began to challenee Bakelites dominance 
in the evolving plastics Industry. 


The First Plastic Wrap Was Cellophane 


Cellophane had its beginnings in 1892, when Charles Cross and Edward 
Beven of England found that treating cellulose with concentrated sodium 
hydroxide followed by carbon disulfide created a thick, syrupy, yellow liq- 


uid they called ø/seøse. Extruding the viscose into an acidic solution gener- 


Figure †8.10 
Viscose is still used today in the Ni 
taHiinr re aifEEr: (edfto me ated a touph cellulose ñlament that could be used to make a synthetic silky 


the synthetic fabric called rayon. cloth today called 7⁄07 (Fipure 18.10). 
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In 1904, Jacques Brandenberger, a Swiss textile chemist, observed 
restaurant workers discarding fne tablecloths that had only slight stains on 
them. Working with viscose at the time, he had the idea of extruding it not 
as a Hber but as a thin, transparent sheet that mipht be adhered to tablecloths 
and provide an easy-to-clean surface. By 1913, Brandenberger had perfected 
the manufacture of a viscose-derived, thin, transparent sheet of cellulose, 
which he named «/2øjzze. After failing to form an adequate adhesion 
between cellophane and cloth, Brandenberger investigated cellophanes pos- 
sible use as a film support for photography and motion pictures. This idea 
didnt work because of the cellophanes tendency to warp when heated. From 
these failures, Brandenberger began to realize that the most likely utility of 
his newly created cellophane was as a wrapping material. 

Within several years, the DuPont Corporation bought the rights to 
cellophane. After producing several batches, Investigators discovered that 
cellophane did not provide an effective barrier to water vapor and hence 
dịd little to keep foods from drying out. By 1926, DuPont chemists had 
solved this problem by incorporating small amounts of nitrocellulose and 
wax. Vaporproof cellophane gained wide popularity as a wrapping for 
such products as chocolates, cigarettes, cigars, and bakery goods. Her- 
metically sealed by cellophane, a product could be kept free of dust and 
germs. And unlike paper or tin foil—the alternatives of the day——cello- 
phane was transparent and thus allowed the consumer to view the pack- 
aged contents, as seen in Figure 18.11. With properties like these, cello- 
phane played a great role ¡n the success of supermarkets, which ñrst 
appeared ¡n the 1930s. Perhaps cellophaneS greatest appeal to the con- 
sumer, however, was its shine. Ás marketing people soon discovered, 
nearly any product—soaps, canned goods, or golf balls—=would sell faster 
when wrapped ¡n cellophane. 


Polymers Win in World War II 


In the 1930s, more than 90 percent of the natural rubber used ¡n the 
United States came from Malaysia. In the days after Pearl Harbor was 
attacked in December 1941 and the Ủnited States entered World War II, 
however, Japan captured Malaysia. As a result, the United States—the land 
with plenty of everything, except rubber—faced its Ññrst natural resource 
crisis. The military implications were devastating because without rubber 
for tires, military airplanes and jeeps were useless. Petroleum-based syn- 
thetic rubber had been developed ¡in 1930 by DuPont chemist \Wallace 
Carothers but was not widely used because it was much more expensive 
than natural rubber. Wich Malaystan rubber Impossible to get and a war on, 
however, cost was no longer an ¡ssue. Synthetic rubber factories were con- 
structed across the nation, and within a few years, the annual production 
of synthetic rubber rose from 2000 tons to about 800,000 tons. 

Also in the 1930s, British scientists developed radar as a way to track 
thunderstorms. With war approaching, these scientists turned their atten- 
tion to the idea that radar could be used to detect enemy aircraft. Thetr 
equipment was massive, however. Â serles of ground-based radar stations 
could be built, but pÏacing massive radar equipment on aircraft WAS OL ca- 
sible. The great mass of the equipment was due to the large coils oŸ wire 


Figure 18.11 
Cellophane transformed the way foods 
and other items were marketed. 
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Figure 18.12 

The bulky side groups in poly(methyl 
methacrylate) prevent the polymer 
chains from aligning with one another. 
This makes it easy for light to pass 
through the material, which is tough, 
transparent, lightweight, and mold- 
able. (Plexiglas” is a registered trade- 
mark belonging to ATOFINA.) 


needed to generate the intense radio waves. The scientists knew that 1ƒ they 
could coat the wires with a thin, fexible electrical insulator, they would be 
able to design a radar device that was much less massive. Fortunately, the 
recently developed polymer polyethylene turned out to be an ideal electri- 
cal insulator. This permitted British radar scientists to construct equipment 
light enough to be carried by airplanes. These planes were slow, but Hying 
at night or in poor weather, they could detect, Intercept, and destroy enemy 
aircraft. Midway through the war, the Germans developed radar them- 
selves, but without polyethylene, their radar equipment was inferior, and 
the tactical advantage stayed with the Allied forces. 

Four other polymers that had a sipnificant impact on the outcome of 
World War II were Plexiglas, polyvinyl chloride, Saran, and Teflon. Plex- 
iplas, shown in Eigure 18.12, is a polymer known to chemists as poly- 
(methyl methacrylate). This glasslike but moldable and liphtweipht mate- 
rial made excellent domes for the gunnerS nests on fphter planes and 
bombers. Although both Allied and German chemists had developed 
poly(methyl methacrylate), only the Allied chemists learned how small 
amounts of this polymer in solution could prevent oil or hydraulic Âuid 
from becoming too thick at low temperatures. Equipped with only a few 
gallons oFa poly(methyl methacrylate) solution, Soviet forces were abÌe to 
keep their tanks operational in the Battle of Stalingrad during the winter 
of 1943. While Nazi equipment halted ¡n the bitter cold, Soviet tanks and 
artillery functioned perfectly, resulting in victory and an important turn- 
¡ng poInt in the war. 
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Poly(methyl methacrylate) 


Polyvinyl chloride (PVC) had been developed by a number of chemi- 
cal companies in the 1920s. The problem with this material, however, was 
that it lost resiliency when heated. In 1929, Waldo Semon, a chemist at 
BFGoodrich, found that PVC could be made into a workable material by 
the additon o£a plasticizer. Semon got the idea of using plasticized PVC 
as a shower curtain when he observed his wife sewing together a shower 
curtain made of rubberized cotton. Other uses for PVC were sÌow to 
appear, however, and ¡t wasnt untill World War II that this material 
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became recognized as an ¡deal waterproof material for tents and rain gear. 
After the war, PVC replaced Bakelite as the medium for making phono- 
graph records. 

Originally designed as a covering to protect theater seats from chew- 
¡ng gum, Saran found great use in World War II as a PrOtective wrapping 
for artillery equipment during sea voyages. (Before Saran, the standard 
operating proccdure had been to disassemble and grease the artillery to 
avoid corrosion.) After the war, the polymer was reformulated to eliminate 
the original formulas unpleasant odor and soon pushed cellophane aside 
to become the most popular food wrap of all time (Figure 18.13). 

The discovery of Tefon was described in Chapter 1 to show how a sci- 
entistS sense of curiosity and analytical thinking can lead to success. Initially, 
the discoverers of Telon were impressed by the long list of things this new 
material would øzø do. It would not burn, and it would not completely melt. 
Instead, at 620°F it congealed into a gel that could be conveniently molded. 
lt would not conduct electricity, and it was impervious to attack by mold or 
fungus. No solvent, acid, or base could dissolve or corrode ít. And most 
remarkably, nothing would stick to it, not even chewing gum. 

Because of all the things Tefon would not do, DuPont was not quite 
sure what to do with ¡t. Then, in 1944 the company was approached by 
8overnmental researchers In desperate need ofa highly inert material to line 
the valves and ducts of an apparatus being built to isolate uranium-235 in 
the manufacture of the first nuclear bomb. Thus Tefon found its first appli- 
cation, and one year later, World War IÏ came to a close with the nuclear 
bombing of Japan. 
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Figure 18.13 

The now-familiar plastic food wrap 
carton with a cutting edge was intro- 
duced in 1953 by Dow Chemical for its 
brand of Saran wrap. 
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Concept Check v 


Name four polymers that had a significant impact on the effectiveness of 
Allied forces in World War II. 


Was this Y0uf answWef? plexiglas,polyvinyl chloride, Saran, and Teflon. 


Attitudes About Plastics Have Changed 


WWith a record o£ wartime successes, plastics were readily embraced in the 
postwar years. In the 1950s, Dacron polÌyester was introduced as a substi- 
tute for wool. Also, the 1950s were the decade during which the entrepre- 
neur Earl Tupper created a line of polyethylene food containers known as 
Tupperware. 

By the 1960s, a decade of environmental awakening, many people 
began to recognize the negative attributes of plastics. Being cheap, dis- 
posable, and nonbiodegradable, plastic readily accumulated as litter and 
as landfll. With petroleum so readily available and inexpensive, however, 
and with a growing population of plastuc-dependent baby boomers, little 
stood in the way ofan ever-expanding array of pÏastic consumer products. 
By 1977, plastics surpassed steel as the number-one material produced in 
the United States. Environmental concerns also continued to grow, and 
in the 1980s plastics-recycling programs began to appear. Although the 
efficiency oÊ plastics recycling still holds room for Improvement, we now 
live in a time when sports jackets made of recycled plastic bottles are a 
valued commodity. 

In the past 50 years, there have been a number of significant techno- 
logical advances in plastics. Polymers that emit lipht, for example, can be 
used to build display monitors that roll up like a newspaper or can be 
rolled onto walls like wallbaper. We have polymers that conduct electric- 
Ity, replace body parts, and are stronger but much liphter than steel. 
[magine synthetic polymers that mimic photosynthesis by transforming 
solar energy to chemical energy or synthetic polymers that efficiently sep- 
arate fresh water from the oceans. lhese are not dreams. They are reali- 
ties that chemists have already demonstrated in the laboratory. Polymers 
have played a significant role in our past, and they hold a clear promise 
for our future. Lets work to ensure that the petroleum starting materials 
from which we fabricate most polymers are not exhausted before this 
promise is realized. 


Concept Check v 


Compressed plastics make up about 20 percent of the volume of a typical 
landfill.How does this compare with the amount of paper in landfills? 


Was this YOU AïISW€F? As noted at the end of Section 18.1,about 50 percent of the solid waste 
produced in North America is paper. So, significantly more paper ends up in our landfills than does 
plastic. 


18.3 Metals Come from the Earth's Limited Supply of Ores 


18.4. Metals Come from the Earth's Limited Supply of Ores 


In Secuon 2.6 you learned about the properties of metals. They conduct 
clectricity and heat, are opaque to light, and deform—rather than fracture— 
under pressure. Because of these properties, metals have found numerous 
applications. We use them to build homes, appliances, cars, bridges, air- 
planes, and skyscrapers. We stretch metal wire across poles to transmit com- 
munication signals and electricity. We wear metal jewelry, exchange metal 
currency, and drink from metal cans. Yet, what is it that ØIves a metal its 
metallic properties? Ñe can answer this question by looking at the behavior 
of the atoms of the metallic elements. 

The outer electrons of most metal atoms tend to be weakly held to the 
atomic nucleus. Consequently, these outer electrons are easily dislodged, 
leaving behind positively charged metal ions. The many electrons easily dis- 
lodged from a large group of metal atoms fow freely through the resulting 
metal lons, as is depicted in Eigure 18.14. Th¡s “ñuid” ofelectrons holds the 
positively charged metal ions together in the type of chemical bond known 
as a metallic bond. 

The mobility of electrons in a metal accounts for the metal's significant 
ability to conduct electricity and heat. Also, metals are opaque and shiny 
because the free electrons casily vibrate to the oscillations ofany light falling 
on them, reflecting most of ¡t. Furthermore, the metal ions are not rigidly 
held to fñxed positions, as ions are in an ionic crystal. Rather, because the 
metal ions are held together by a “fluid” of electrons, these ions can move 
lntO various orlentatlons relative to one another, which ¡s what happens 
when a metal is pounded, pulled, or molded into a different shape. 

Two or more metals can be bonded to each other by metallic bondb. 
Thịs occurs, for example, when molten gold and molten palladium are 
blended to form the homogeneous solution known as white gold. The qual- 
Ity of the white gold can be modifed simply by changing the proportions 
of gold and palladium. White gold is an example of an alloy, which ¡s any 
mixture composed of two or more metallic elements. By playing around 
with proportions, metal workers can readily modify the properties of an 
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Figure 18.14 
Metal ions are held together by freely flowing electrons. These loose electrons form a kind of 


“electronic fluid” that flows through the lattice of positively charged ions. 
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Figure 18.15 

The gold color of the Sacagawea 

U.S. dollar coin ¡s aclieved by an 
outer surface made of an alloy of 

77 percent copper, 12 percent zinc, 

7 percent manganese, and 4 percent 
nickel. The interior of the coin is pure 
COpper. 


Figure 18.16 

This open-pit copper mine at Bingham 
Canyon, Utah, is the worlds biggest 
Open-pit mine. 


alloy. For example, in designing the Sacagawea dollar co¡n, shown In Figure 
18.15, the U.S. Mint needed a metal that had a gold color—so that ít 
would be popularand also had the same electrical characteristics as the 
Susan B. Anthony dollar coin—so that the new coin could substitute for 
the Anthony coin in vending machines. 

In this section we focus on the chemistry of naturally occurring 
metal-containing compounds and their large-scale transformation to 
metals. As you read, keep in mind that, whereas a metal consists of noth- 
¡ng but neutral metal atoms, a metal-containing compound ¡s an ionic 
compound ¡in which positively charged metal ions are bonded to nega- 
tively charged nonmetal ions. Aluminum oxide, Al2Os, and sodium chÌo- 
ride, NaCl, are two examples. These compounds may or may not be 
opaque to light, are poor conductors of heat and clectricity, and often 
shatter under pressure. 

Only a few metals—gold and platinum are two examples——appear In 
nature in metallic form. Deposits of these natural metals, also known as 
/2f/Ue 7efals, are quite rare. For the most part, metals are 
found in nature as chemical compoundis. Iron, for example, 
1s most frequently found as iron oxide, FeyOa, and copper 
is found as chalcopyrite, CuFeS›. Geologic deposits con- 
taining relatively hiph concentrations of metal-containing 
compounds are called ores. The metals industry mines 
these ores from the ground, as shown in Figure 18.16, and 
then processes them into merals. Although metal-contain- 
¡ng compounds occur Just about everywhere, onÏy ores are 
concentrated enough to make the extraction of the meral 
economically feasible. 

Metal ions bond with only fñve maJor types of nega- 
tively charged Ions, shown ¡n Figure 18.17. Consequently, 
metal-containing compounds are classtied according to which type of neg- 
ative lon they contain. lron oxide 1s classiied as an oxide, for instance, and 
chalcopyrite 1s classitRed as a sulfide. 

Halides, such as sodium chloride and magnesium chloride, are com- 
monly referred to as s2. Ihey have good solubility in water and so are 
readily washed away by the actlon of either surface water or øroundwater. 
Most of these and other water-soluble metal-containine compounds there- 
fore end up in the ocean. These compounds are recovered by evaporating 
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Figure 18.17 


Five negatively charged ions to which positively charged metal ions bond. 
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seawater. Alternatively, water-soluble compounds may end up In land 
basins, such as the Bonneville salt flats of ah, where they are readily 
mined. In some TepIons, such as along the Gulf of Mexico, vast deposits of 
halides remain undissolved hundreds of meters below the surface, where 
groundwater cannot reach. The compounds in these deposits tend to be 
very pure, which makes deep mining excavations like the one shown in Fig- 
ure 18.18 worthwhile. 

In contrast to halides, compounds containing carbonate, phosphate, 
oxide, or sulfide ions tend to have relatively low solubilities in water. Hence, 
their ores tend to stay put and are found in more diverse øeologic locatlons. 

The form in which a metal is most likely to be found in nature is a 
function ofits position in the periodic table. Figure 18.19 shows that ØToup 
1 metals tend to be found mostly as halides, group 2 metals mostÌy as car- 
bonates, and group 3 metals and lanthanides mostly as phosphates. Most 
metals from groups 4 to 8 along with aluminum, AI, and tin, Šn, tend to 
be found as oxides, and most metals from groups 9 to 15 along with molyb- 


denum, Mo, tend to be found as sulñdes. 
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Concept Check v 


According to Figure 18.19, which is more abundant in nature: iron oxide, 
FeaOz, or iron sulfide, FeS? 


Was this Yy0uF afSW€FT? Figure 18.19 shows the most common forms found in nature, meaning 
iron is more abundant as iron oxide. 


We Should Conserve and Recycle Metals 


Because our planet is chock-full of metal-containing compoundb, ¡t is difficult 
to imagine how we could ever Incur a shortage of metals. Experts sugpest, 
however, that i we continue with our present rate of consumption, such short- 
ages will occur within the next two centuries. The problem is not a shortage 


Figure 18.18 
This subterranean salt deposit contains 
relatively pure metal-containing com- 
pound&s. After the deposits are mined, 
the resulting caverns are very dry and 
thus make excellent archival storage 
sites for moisture-sensitive equipment 
or documents. 


Figure 18.19 

Which compound of a metal is most 
prevalent in nature is related to the 
metal's position ¡n the periodic table. 
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Figure 18.20 

Natural resources are unavailable to us 
when the energy required to collect 
them far exceeds the resources inher- 
ent value. For example, most of the 
world gold is found in the oceans, but 
this gold is too dilute for extraction to 
be worthwhile. 


of metal-containing compounds but rather a 
shortage of ores from which these compounds 
can be extracted z4 2 ?£4s01⁄2ble c0s. 
Consider the recovery of gold. All the gold 
in the world isolated from nature so far could 
be placed in a single cube 18 meters on a side, 
which would have a mass of about 130,000 
tons. This includes all the naturally occurring 
elemenral gold we have mined plus all the gold 
puriled from gold-containing ores. Because 
the rate of gold production ¡s steadily decreas- 
ing, one mipht think we have already isolated 
a sipgnifcant portlon of the Earths total gold 
reserves. Qur oceans, however, are laden with 
gold—as much as 2 milliprams per ton of sea- 
water. Given that there ¡s about 1.5 X 1018 


tons of seawater on the planet, our oceans contain 3.4 billion tons of gold! Às 
yet, however, no method has been found for recovering gold from seawater 
proftably—this gold ¡s simply too dilute (Figure 18.20). 

Like the gold in the ocean, most of the metal-containing compounds In 
the Earths crust are ñnely mixed with other stuf, which is to say the com- 
pounds are diluted. Ores are, by defnition, parts of the Earths crust where, 
for geological reasons, the compounds have been concentrated. Hiph-grade 
ores, those containing relatively large concentrations of compounds, are the 
frst to be mined. After these are depleted, we move on to lower-grade ores, 
which have lower yields that translate into preater costs. Eventually, a nations 
ore supplies are depleted, as are the aluminum oxide ores in the United States, 
as notcd in Figure 18.21, and the nation ¡s forced to Import metals or thetr 
ores from other countries, which also haye ñnite ore resources. 

We should conserve and recycle metals whenever possible because it 
1s far cheaper to produce metals from recycled products than from ore. 


Figure 18.21 
An open-pit aluminum mine in Australia. Aluminum ore is no longer mined in the United States 
because the reserves have dwindled to the point where it is less expensive to import high-grade 
aluminum ore from other countries, including Australia. 
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Environmenrtally sound exploration of new reserves is also required. Ore 
nodules discovered on the ocean ñoor, for example, contain as much as 24 
Pcrcent manganese and lá percent iron. Signifcant quantities Of copper, 
nickel, and cobalt have also been found in this submarine terrain, Perhaps 
mining o£ the ocean floor may one day replace the mining we now do on 
land. And in the not too distant future, perhaps the mining of metal-rich 
asteroids in space will become a reality. 


18.4 Metal-Containing Compounds Can Be 
Converted to Metals 


To convert a metal-containing compound to a metal requires an oxidatlon— 
reduction reacton. Recall from Chapter 11 that oxidation is the loss of elec- 
trons and reduction ¡s the gain of electrons. In the metal-containing com- 
pound, the metal exists as a positively charged ion because it has lost one or 
more of its electrons to its bonding partner. To convert metal ions to neutraÏ 
metal atoms requires that they gain electrons; that is, they must be reduced: 


lội an 


Metal ion 


e" —> MĐ 
Electron Metal 


The tendency of a metal ion to be reduced depends on its location in 
the periodic table, as summarized in Eigure 18.22. As discussed in Chap- 
ters 5 and I1, metals on the left of the periodic table readily lose electrons. 
This means ít ¡s relatively diffcult to give electrons back to these metal 
lons—in other words, they are difRcult to reduce. A sodium atom, for 
example, being on the left of the periodic table, loses electrons easily. Any 
lonic compound ït forms, such as sodium chỉÏoride, tends to be very stable. 
Reducing the sodium ion, Na”, to sodium metal, Na?, ¡s difficult because 
doiïng so requires giving electrons to the sodium ion. 

Metals on the left and especially the lower left o£ the periodic table 
therefore require the most energy-Iintensive methods of recovery, which 
includes ø//efzojwzs. As was shown in Secton l1.3, during electrolysis an 
electric current supplies electrons to positively charged metal ions, thus 
reducing them. Metals commonly recovered by electrolysis ¡nclude the 
metals of groups 1 through 3, which occur most frequently as halides, car- 
bonates, and phosphates. In addition, aluminum ¡s also commonly recov- 
ered by electrolysis, and other metals are also obtained using electrolysis 
when very high purity ¡s needed. The reactions involved when copper ¡is 
produced this way are shown in Figure 18.23 on page 604. 


Concept Check v 


Why is it so difficult to obtain a group 1 metal from a compound contain- 
ing ions of that metal? 


Was this Y0uF anSWe€F? The metal ions do not readily accept electrons to form metal atoms. 


E] Transforming the metal-containing 
compound to a metal is less energy 
intensive 


Lá Transforming the metal-containing 
compound to a metal is more energy 
intensive 


Figure 18.22 

The ions of metallic elements at the 
lower left of the periodic table are 
most difficult to reduce. For this reason, 
obtaining these elements from the 
metal-containing compounds they 
form is energy-intensive. Metallic ele- 
ments at the upper right of the peri- 
odic table tend to form compounds 
that require less energy to convert to 
metals. 
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Source of 
electricity 


Copper 
metal 


COpper 
metal 


Sheets Sheets Solution 

Of pure of impure containing 

CODper CODper CuSOaz 
Figure 18.23 


High-purity copper is recovered by electrolysis. Pure copper metal deposits on the negative 
electrode as copper ions in solution gain electrons. The source of these copper ions is a posi- 
tively charged electrode made of impure copper. 


Some Metals Are Most Commonly Obtained from Metal Oxides 


Ores containing metal oxides can be converted to metals fairly efficiently in 
a ðlast fuznace. Ftrst, the ore is mixed with limestone and coke, which is a 
concentrated form of carbon obtained from coal. The mixture ¡is dropped 
into the furnace, where the coke ¡s ignited and used as a fuel. At hiph tem- 
peratures, the coke also behaves as a reducing agent, yielding electrons to 
the positively chareed metal lons in the oxide and reducing them to metal 
atoms. Fipure 18.24 shows this method being used on iron oxide. 

In the furnace, the limestone reacts with ore impuritles——predominantÌy 
silicon compounds——to form s/2ø, which 1s primarlly calcium silicate: 


SIO2(S) + CaCO¿@}) — Cáo ng 6. 


Silica sand Limestone Molten slag Carbon 
(ore impurity) (calcium silicate) dioxide 


Because of the high temperatures, both the metal and the sỈap are molten. 
They drain to the bottom of the blast furnace, where they collect in two 
layers, the less-dense sÌag on top. The metal layer is then tapped off throuph 
an opening at the bottom of the blast furnace. 

Once cooled, the metal from a blast furnace is known as a e4/ 7££2Í 
(When the ore 1s an iron ore, the cast metal is known as 2/ø 770%.) Ä cast _ 
metal is brittle and soft because ít still contains impurities, such as phos- 
phorus, sulfur, and carbon. lo remove these impurities, oxygen ¡s blown 
through the molten cast metal in a Zs/£ øxyø£ø ƒuznzce, shown in Figure 
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lron ore, Fe;O; 
Coke,C 
Limestone, CaCO; 


k Flue gas 
Reduced 


lron Carbon lron 
oxide metal 


500°C 


Oxidized 


1000°C 


1500°C Heated air 


———~ 


<—— Molten iron 


Figure 18.24 
Ä mixture of iron oxide ore, coke, and limestone is dropped into a blast furnace, where the iron 
lons in the oxide are reduced to metal atoms. 


18.25 on page 606. The oxygen oxidizes the Impurities to form additional 
slag, which Hoats to the surface and is skimmed ofF. 

Most phosphorus and sulfur impurities are removed in a basic oxygen 
furnace, but the puriled metal sull contains about 3 percent carbon. For 
the production of iron, this carbon ¡s desirable. lron atoms are relatively 
large, and when they pack together, small voids are created between atoms, 
as shown in Figure 18.26 on page 606. These voids tend to weaken the 
iron. Carbon atoms are small enouph to fiÏl the voids, and having the voids 
flled strengthens the iron substantially. lron strengthened by small per- 
centages of carbon is called steel. The tendency o£ steel to rust can be inhib- 
ited by alloying the steel with noncorroding metals, such as chromium or 
nickel. Thịs yields the s⁄272/2ss s/z/used to manufacture eating utensils and 
countless other Items. 


Other Metals Are Most Commonly Obtained from Metal Sulfides 


Metal sulfdes can be purifRed by /?2z//2ø, a technique that takes advantage 
of the fact that metal sulfides are relatively nonpolar and therefore attracted 
to oil. An ore containing a metal sulfde ¡s ñrst pround to a ñne powder and 
then mixed vigorously with a lighrweipht oil and water. Compressed air is 
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Oxygen 


Slag 


Cast metal 


Figure 18.25 

(a) A flow of oxygen through a basic oxygen furnace oxidizes most of the impurities in a cast 
metal to form slag that may be skimmed away as it floats to the surface. (b) The basic oxygen 
furnace is hoisted and its purified contents poured into a reservoir used for molding iron pieces. 


External pressure 


Pure iron is fairly soft and 
malleable because of 


`... 
Ö =) voids between atoms. 
`. 
bẫ@o 


When the voids are 

filled with carbon atoms, 
the carbon helps hold 
the iron atoms in their 
lattice. This strengthened 
metal is called steel. 


Figure 18.26 
Steel is stronger than iron because of the small amounts of carbon it contains. 
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then forced up through the mixture. As air bubbles rise, they become 
coated with oil and metal sulfide particles. At the surface of the liquid, the 
coated bubbles form a floating froth, as shown in Figure 18.27. This froth, 
which is very rich in the metal sulfde, is then skimmed of 

The metal sulfides recovered from the froth are then zøzs/eZin the Dr€S- 
ence of oxygen. The net reaction is the oxidation ofS2~ in the sulñde to S£* 
in sulfur dioxide and the reduction of the metal ion to its elemental state: 


MS&S) + O;(g) —> M() + SO,@) 


Metal sulfide Oxygen Metal Sulfur dioxide 


The ¡solation oŸ copper from its most common ore, chalcopyrite, 
requires several addituonal stebs because of the presence of iron. First the 
chalcopyrite 1s roasted in the presence of oxygen: 


2 CuFeSz(s) + 3 O;(g) —> 2 CuS(s) + 2 FeO@) + 2 SOs() 


Chalcopyrite Oxygen Copper lron Sulfur 
sulfide oxide dioxide 


The copper sulde and iron oxide from this reaction are then mixed with 
limestone, CaCOs, and sand, SiO›, ¡n a blast furnace, where CuS is con- 
verted to CuaS. The limestone and sand form molten slag, CaSiOs, ¡n 
which the iron oxide dissolves. The copper sulfde melts and sinks to the 
bottom of the furnace. The less-dense iron-containing sỈag foats above the 
molten copper sulfide and is drained off. The ¡solated copper sulfide ¡s then 
roasted to copper metal: 


0.00 1TC) —>ẽ 2Cu() +Ð5O;( ) 


Copper Oxygen Copper Sulfur 
sulfide metal dioxide 


Roasting metal sulfdes requires a fair amount of energy. Furthermore, 
sulfur dioxide ¡s a toxic øas that contributes to acid rain, and so Its emission 
must be minimized. Most companies comply with EPA emissions standards 
by converting the sulfur dioxide to marketable sulfuric acid, H;SO¿. 


Concept Check v 


Why isnt iron metal commonly obtained by roasting iron ores? 


Was this Y0ur anSW€F? Most iron ores are oxides, which are more suitably converted to metals 
using the blast furnace. 


18.5 Glass ls Made Primarily of Silicates 


As noted earlier, the prime component of sỈag 1s silicates, and as early as 
500 B.C. metal workers noticed that solidifed slag had properties not 
unlike those of the highly prized volcanic glass ø6z⁄222. This prompted 


Figure 18.27 

Air bubbles rising through a flotation 
container transport metal sulfide parti- 
cles to the surface. 
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Figure 18.28 

Eyeglasses, a telescope, and a 
distillation apparatus—pivotal 
glass inventions. 


people to heat all sorts of rocks in various combinations. SÏags oŸ many col- 
ors were produced, including some that were transparent. When set to a 
useful purpose, such as in the making of beads, containers, or windows, the 
hardened slag became known as ø/25. 

Over many centuries, gÌassmaking gradually improved. Clearer and 
stronger glass made possible many important inventions, such as those 
shown In Figure 18.28. 

Eyeglasses were first made in northern Italy in the 13th century. heir use 
quickly spread, and the effect on society was significant, especially in that cye- 
glasses prompted people to remain ¡intellectually active throughout ther Ìives. 

Another signiicant achievement made possible by the development 
of glass lenses was the telescope, which in 1610 was pointed skyward by 
Galileo, who observed moons orbiting the planet Jupiter and opened the 
door to a golden age of astronomy. 

Improved glass also made possible the design of distila- 
ton equipment used to ¡solate alcohol from fermented 
broths. Distilled spirits, as they were called, became noted 
not only for their intoxicating effects but for their ability to 
disinfect and promore the healing of wounds. 

Glass 1s an Z7øzøbøs zz2#er/z/ In such a substance, sub- 
microscopic units are randomly oriented relative to one 
another. This is distinguished from a crystal, in which submi- 
CrOSCOpiC units are arranged in a periodic and orderly fashion 
(Section 6.3). 

Glass can have a variety of chemical compositions. Common glass is 
a mixture o£ sodium silicate, Na;SiOx, and calcium silicate, CaSiO+s. Ít ¡s 
formed by heating a blend of sodium carbonate, calcium carbonate, and 
silica: 


Sodium Silica Sodium Carbon 
carbonate silicate dioxide 


Calcium Silica Calcium Carbon 
carbonate silicate dioxide 


Various additives provide glass with special properties. Adding potassium 
oxide, KạO, for example, makes a very hard gÌass commonly used for opti- 
cal applicatons. W hen lead oxides are added, glass becomes dense and has a 
high refractive Index, which means it readily bends white light into a rain- 
bow of colors. Such glass is called czys⁄z/ ø/zs because these properties resem- 
ble those of true crystals, such as quartz, which is a crystalline form of silica. 

Adding boron oxide, B;O+, markedly lowers the rate at which glass 
expands when it is warmed and contracts when it is cooled. Thịs enables 
the glass to withstand sudden changes in temperature without breaking. 
Such gÌass is known as ⁄⁄x ø/26 and is used ¡n laboratory glassware and 
cooking utensils. 

Glass can be colored by adding various chemicals. Cobalt oxide gives a 
blue gÌass used in specialty dinnerware. Adding the element selenium gives 
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glass a red color, and the element iridium makes ølass black. Glassmaking 
artists have experimented with chemical additives to ØIV€ a variety of col- 
ored glasses, such as those shown in Figure 18.29, 

The physical properties of gÏass are wholly remarkable. It is easily melted, 
can be poured or blown into almost any shape, and retains that shape when 
it cools. Moreover, pieces of glass can be melted together to become sealed 
without glue or cement. This allows for the manufacture of many Intricate 
glassware designs. GÏass is transparent and resistant to even the most corro- 
sive chemicals, which is why chemical reactions in the laboratory are usually 
carrled out In øÌass containers. Long, thin strands of glass are flexible enough 
to be encased in cables that can stretch for hundreds of kilometers. These are 
the /2er øpfie cablss shown ïn Eigure 18.30, throuph which pulses oflight can 
travel, carrying information data with remarkable efficiency. 

Fortunately, the starting materials for glass are abundant, and so, unlike 
the situation with paper, plastics, and metals, we are not ¡n imminent dan- 
ger of a glass shortage. Resources can still be saved, however, by recycling 
glass. [he energy needed to produce glass from recycled produets is only 70 
percent of the energy needed to produce it from raw materials. Glass by any 
standard has been one of humankind best bargains. 


186 Ceramics Are Hardened with Heat 


WWet clay ¡is a mixture of microcapsules of aluminum oxides and silicon 
oxides surrounded by water. It can be shaped easily because the water 
serves as a lubricant that allows the microcapsules to sÏIp over one another, 
When dry, the microcapsules become locked in posttion, and the clay 
holds its shape. Heating the dried clay to hiph temperatures causes the siÌ- 
icon oxides to melt into a plass that on cooling bonds the microcapsules 
together. At this point, the cay 1s transformed to a hard, water-resistanr 
ceramic useful for making the pottery shown in Eigure 18.31 as well as a 
myriad of other products. 

In general, a cez/c is any solid that has been hardened by heat. Mod- 
ern ceramics contain nonmetallic elements such as oxygen, carbon, or sIll- 
con, but they may also contain metallic elements, such as aluminum or a 
transiton metal. Unlike metals, ceramics cannot be pounded into thin 
sheets or drawn into wires. Ínstead, they tend to Íracture, as any- 
one who has dropped a ceramic dinner plate knows. But ceram- 
ics are superior to metals for some applicatons. For example, 
ceramics are able to withstand extreme temperatures without 
melting or corroding, and they are lightweight and can be very 
hard. An example of a modern ceramic almost as hard as dia- 
mond šs silicon carbide, S¡C, also known as carborundum. This 
lighrweight ceramic does not conduct heat and can withstand 
temperatures up to 2000°C. These properties make ¡t ¡decal for 
Coating spacecraft, which are subject to extreme conditons aS 
they re-enter the Earths atmosphere. Components for hot tur- 
bine engines are also being built of either silicon carbide or a sim- 
ilar ceramic, silicon nitride, SIsNa. 


Figure 18.29 
Glass as an art form. 


Figure 18.30 

lnformation-bearing light pulses 
travel through the glass of fiber optic 
cables, a revolution in long-distance 
communication. 


Figure 18.31 
Ceramic pottery. 
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Figure 18.32 
An engine made of the ceramic silicon 
nitride. 


Figure 18.33 

This vehicle has no radiator because 
many of its engine parts are made of 
heat-resistant ceramic materials. 


Modern ceramics are ideal for making automobile engine parts, such as 
those shown in Figure 18.32. The efficiency of an engine goes up with 
increasing operating temperatures. Iodays metal automobile engines are 
relatively inefficient because their operating temperatures must be kept 
below the melting point of the metals. Radiators remove valuable heat that 
otherwise would raise efficiency. In fact, about 36 percent of fueÌ energy 1s 
lost through the radiator. 

So why arent todayS engines made of ceramics? The short answer 1s 
that, unlike metals, ceramics cannot bend and deform to absorb impacts. 
Intense research ¡s currently under way to solve the problem of ceramic 
brittleness, with some success. lmproved resistance to fracturing, for exam- 
ple, can be attained by careful quality control of starting materials and pro- 
cessing. As we shall see in the next section, brittleness can also be combated 
by cøøø3/5ø ceramics with other materials. 

Engines consisting of mostly ceramic parts are being developed in 
Japan, and Figure 18.33 shows a hiph-powered sedan featuring a small 
ceramic-based engine and no radiator. This car uses heat Instead of reJect- 
¡ng ít, as do the prototype turbine ceramic-based engines developed in the 
United States by the Department of Energy. Ín place of pistons, the U.S. 
versions feature two gas turbines made of durable silicon nitride, and the 
engine is desiened to run at a hot 1300°C, with hipher efficiency and 


cleaner emissions. 


Ceramic Superconductors Have No Electrical Resistance 


In ordinary electrical conductors, such as copper wire, moving electrons 
that fow as electric current often collide with the atoms of the conductor, 
transferring some of their kinetic energy to the conductor as heat, which is 
lost to the environment. Thịs heat loss adds up when electrical energy is 
being carried over vast distances, meaning that some of the energy øener- 
ated at a power plant never makes ¡t to the consumer. In the late 1980s, 
researchers found that specially formulated ceramic compounds lost all 
electrical resistance when bathed ¡in liquid nitrogen at — 196°C. The elec- 
trons in these conductors travel in pathways that avotd atomic collisions, 
permitting them to fow indefinitely. Steady currents have been observed to 
persist for extended periods of time without apparent loss. These ceramics 
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are called superconductors and have zero electrical resistance. The current 
through them does not decrease, and they Øenerate no heat. 

Transmission of electrical energy is one obvious application for ceramic 
superconductors. This energy might even be stored for later use in large cir- 
cular loops oŸa superconducting material. UnfortunateÌy, ceramics tend to 
be brittle and cannot be drawn into wires. A solution to these mechanical 
problems is to homogenize the superconducting ceramic starting materials 
with an organic thermoplastic. At warm temperatures, the mixture can be 
drawn into long fbers, which are then baked into a medium. When the 
fñbers are cooled by liquid nitrogen, they become superconducting. 
Another technological hurdle is that present-day ceramics lose their super- 
conductivity when large currents are applied. 

The mechanisms of superconductivity in ceramics are not fully under- 
stood, and most progress is still being made by trial and error. Perhaps once 
the secrets are unlocked, the many obstacles posed by ceramic supercon- 
ductors will be overcome and their great potential realized. Ït might even be 
possible to design materials that superconduct at room temperature, 
thereby avoiding the need for relatively inexpensive but cumbersome liquid 
nitrogen or other coolants. 


18.7 Composites Combine Fibers 
and a Thermoset Medium 


Thermoset plastics (Sectlon 12.4) are pretty touph, as are varlous polymeric 
ñbers. Combine the two, however, and you have a composite material that 
is more than twice as strong and just as lightweight. Composite materlals 
are made by incorporating ñbers Into any thermoset medium, such as ther- 
moset plastics, metals, or even ceramics. Examples of composite materials 
are shown ¡n Figure 18.34 on page 612. 

There are many examples of composites In nature. Â tree can øroW to 
great heights and support heavy branches because ít is a composite of fexible 
cellulose fñbers in a lignin matrix, as noted in Section 18.1. Seashells and 
limestone are both made ofcalcium carbonate, but sea shells are much harder 
because they are composites of crystalline calcium carbonate with embedded 
polypeptide fibers. Humans have been fabricating composites ever since they 
began mixing straw with clay. The straw not only makes for stronger pots and 
bricks but also keeps them from cracking as the clay is dried. 

The composite industry was launched ¡n the carly 1960s with the 
development of fiberglass, which consists of short g]ass ñbers in a matrix of 
some thermoset resin. Eiberglass composites are tough, lightweight, and 
inexpensive to make, and they have found many marine, housing, con- 
struction, sports, and industrial applications. " ị 

The strongest new composites are the Z⁄/⁄4c#Z £0705//6 1n which 
fbers are aligned or interwoven before being set within the resin. Advanced 
composites have extraordinary strength in the direction of the aligned fbers 
and are relatively weak ¡n the perpendicular direction. \eakness in one 
direction can be overcome by laminating layers together at different angles, 
as in pÏywood, a familiar composite. Streneth ¡in all directions can be 
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Fiberglass 


Figure 18.34 
A few examples of composite materials. 


Figure 18.35 
The all-composite Voyager airplane. 


Graphite fiber composite 


achieved by weaving the fibers Into a three-dimensional network. Besides 
strength, advanced composites are also known for their lightness, which 
makes them ¡deal Íor car parts, sporting goods, and artificial limbs. 
Advanced composites tend to be expensive, however, because much of their 
production ¡s still done by hand. 

Airplane parts, and even whole airplanes, are now being fabricated 
out of lightweigpht advanced composites in order to save fuel. In 1986, the 
all-composite WV2zgz, shown in Figure 18.35, was the first plane to fly 
around the world without refueling. Many private jets are now fabricated 
out of composites. The general public may one day have its chance to y 
in fuel-efficient, stress-resistant composite airplanes. In the meantime, we 
fy in passenger airplanes made of metal, which are still more economical 
to build. 

The aerospace industry is particularly interested in advanced compos- 
ites that are lightweight and can withstand the extreme pressures and tem- 
peratures experlenced by spacecraft. Efforts are now under way to build 
reusable launch vehicles that are much more efficient than the present space 
shuttle at getting payloads into orbit. One prototype is the X-33 Wzøzzi 
Aeraspace Plzze, shown in Figure 18.36. 

The same materials developed for aerospace planes may one day be 
applied to commercial travel. Hypersonic aircraft traveling at many times 
the speed of sound would reduce the time of a transpacifc fight from 
America to Australia from 16 hours to a mere 3 hours. Whats more, the 


Hands-On Chemistry: 
A Composite of White Glue and Thread 


IS easy to stretch a layer of dried white glue until it splits in half, and its easy 
to yank a single strand of sewing thread into two pieces. Combine the glue 
with many strands of thread, however, and the resulting composite is most 


resistant to breakage—but only in the directions parallel to the threads. Make 
this composite and test its strength. 


What You Need 
White glue, sewing thread, aluminum foil, scissors 


Procedure 


ú)) Pour the glue onto the aluminum foil to make three strips, each mea- 
suring about 4 centimeters by 8 centimeters. 


2) On one of the strips, lay strands of thread parallel to the longer side of 
the strip. Lay enough strands so that they are no more than 0.5 cen- 
timeter apart. 


() On a second strip, lay strands of thread both parallel and perpendicu- 
lar to the longer side of the strip. Again lay enough strands so that 
they are no more than 0.5 centimeter apart. 


 After the glue has thoroughly dried, separate the three strips from the 
foil and cut off the ends of any loose threads. Pull on the three strips 
in various directions, and compare their strengths and weaknesses. 


altitude of the aircraft would necessarily be so high that travelers 
would be able to see the curvature oÊ planet Earth. 


In Perspecfive 


Technological feats are made possible only after the approprlate 
materials have been developed. Columbus made ít to the Americas 
with rugged sails of canvas, ñrm ropes of hemp, and a sturdy wood 
hull bound by metal. Likewise, whether our dreams are to remain 
fction or turn into fact depends on the materials available to us. 
Today, with a growing number of remarkable materials, we can send data 
throuph fiber optic cables, criss-cross the skies, or Ẩy to Mars and beyond— 
a sign that the human spirit of exploratlon is more empowered than ever 


before. 


In Perspective 613 


Figure 18.36 

Future generations of space vehicles, 
such as the X-33 prototype illustrated 
here, will depend greatly on the 
development of advanced composite 
materials. 
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Key Terms and Matching Definitions 
alloy 


Composite 
metallic bond 
OF€ 

steel 
superconductor 


1. A chemical bond in which the metal ions in 
a plece of solid metal are held together by 
their attraction to a “uid” of electrons in 
the metal. 

2. A mixture of two or more metallic elements. 

..A geologic deposit containing relatively hịph 

Concentrations of one or more metal-containing 
compounds. 

4. Iron strengthened by smalÏ percentages of 
carbon. 

5. Any material having zero electrical 
T€SIStance. 

6. Any thermoset medium strengthened by the 
Incorporation o£ ñbers. 


=> 


Review Quesfions 
Paper ls Made of Cellulose Fibers 


1. What component of plants is most useful in the 
fabrication of paper? 


2. When was paper introduced in Europe? 


3. What ¡sa Fourdrinier machine, and what was 
the impact of its Invention? 


4. When did people start using trees to make 
pAper? 


The Development of Plastics Involved 
Experimentation and Discovery 
5. How did Schobein discover nitrocellulose? 


6. What chemical ¡s used to make celluloid a 
workable material? 


7. Nhat is one of the major drawbacks of celluloid? 
68. Who provided Baekeland with the fñnancial 


resources to develop Bakelite? 


9. What prompted Brandenberger to seek a way to 
make thin sheets of viscose? 


10. How did chemists transform cellophane Into a 
Vaporproof wrap? 


11. What was one of the prime motivations for the 
Japanese to invade Malaysia at the beginning of 


World \⁄ar II? 


12. What polymer proved useful in the develop- 
ment of radar equipment liphtweipht enouph 
to be carried on airplanes? 


13. What role did Tefon play in World N⁄ar HH? 


Metals Come from the Earth's Limited Supply of Ores 


14. What are the five types of negatively charged 
lons found in metal-containing compounds? 


15. Which metal-containing compounds are most 
soluble in water? 


Metal-Containing Compounds Can Be Converted to Metals 


16. Which group of metals requires the most 
energy to be recovered from metal-containing 
compounds? 


17. When iron ions are reduced to neutral iron 
atoms In a blast furnace, where do the electrons 
come from? 


18. How are copper sulide, CuS, and iron oxide, 
FeO, separated from each other in a blast fur- 
nace in the preparation of copper metal? 


Glass ls Made Primarily of Silicates 


19. In what ways did the development of glass 
affect human history? 


20. How is glass different from crystal? 
21. ]s crystalware really made of crystal? 
22. How is colored glass made? 


23. What are the benefits of recycling glass? 


Ceramics Are Hardened with Heat 
24. What is a ceramic? 


25. What advantages do ceramic automobile 
engines have over metal ones? 


26. Nhat is the primary drawback of a ceramic? 


Z7. ]s it possible for a ceramic to conduct electricity? 


Composites Combine Fibers and a Thermoset Medium 


28. What is a composite, and what are some 
examples found in nature? 


29. Where are you most likely to ñnd composites 
in the marketplace today? 


30. Why are composites an ideal material for aircraft? 


Hands-On Chemistry Insights 
Papermaking 


All plants contain cellulose, whiích is why paper can 
be made from all plants. However, all plants also con- 
tan cellulose-binding lignins. Those that have the 
hiphest lignin content, such as trees, require the 
strongest chemicals in order to free the cellulose fiber. 
Plants that have lower lignin content, such as grasses 
and nonwoody shrubs, can be treated with milder 
chemicals In order to free the cellulose ñbers. Such 
pretreatment can be avoided altogether when work- 
¡ng with recycled ñbers, as you did in thís activity 
using scraps of old paper or cloth. Thus, recycling 
paper not only saves trees but also makes the paper- 
making process more efficlent. 


A Composite of White Glue and Thread 


The strensth provided by the ten or so parallel strands 
you used for this activity ¡is considerable. Consider, 
then, the strength provided by a fabric made of hun- 
dreds of strands laid on the glue. 

The strength of a composite is maximum onÌy ¡n 
directions parallel to the fibers. Thus, criss-crossing 
fbers makes for a composite that has maximum 
streneth in several directions. In some forms of fiber- 
glass, the strands of reinforcing g]Ìass are strewn in ran- 
dom directions. This random arrangement decreases 
the strength in any one direction but optimizes the 
overall strength. 


ExercIses 


1. How are paper and cooked spaghetti similar to 
each other? 


2. NVhat are the advantages and disadvantages of 
uSing trecs tO make paper? 


16. 


Hệ 


18. 


li, 
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End of Chapter Review and Exercises 


- What are the advantages and disadvantages of 


using Industrial hemp to make paper? 


- Fallen trees rot as naturally occurring fungi 


digest the lipnins that normally bind the wood 
fibers together. How mipht these fungi be used 
in the manufacture of paper? 


. What role did chance discovery pÌay in the his- 


tory of polymers? Cite some examples. 


. Nhat ¡s the difference between collodion and 


celluloid? 


. Nhat ¡s the chemical difference between cellu- 


loid and cellophane? 


. hy does a freshly cut Ping-Pong ball smell of 


camphor? 


. Why are Ping-Pong balls so highly Hammable) 


‹ Melmac ¡s a thermoset polymer discussed in 


Chapter 12. How are the chemical structures 
of Bakelite and Melmac similar to each other? 
How are they different? 


. List these plastics in order of the year in which 


they were developed: cellophane, celluloid, 
collodion, parkesine, PVC, Tefon, viscosc. 


. Why are ores so valuable? 
. Can only group l elements form halides? 


- Distnguish between a metal and a metal- 


containing compound. 


‹- Metal ores are isolated from rock by taking 


advantage of differences in both physical and 
chemical properties. Cite examples given in 
the text where differences in physical proper- 
ties are used. Cite examples given In the text 
where differences in chemical properties are 
used. 


Iron ¡s useful for reducing copper Ions to copper 
metal. Might It also be used to reduce sodium 
lons to sodium metal? hy or why not? 


Do we really have shortages of the metals we 
need to run our industrialized soclety? lsnt the 
planet made essentially of metals? 


Ís transparent ølass a homogeneous or heteroge- 
nous mixture? 


NWhen ¡s glass not fragile? 
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20. Commercial beverages are transported in both 
plastic and glass containers. How mipht ít be 
that the glass containers are responsible for the 
release of more atmospheric pollution than 
the plastic containers? 


21. In what sense ¡s glass the glue that holds a 
ceramic together? 


22. lí the eficiency of an engine increases with 
Increasing temperature, why are conventional 
automotive engines equipped with radiators to 
keep them cool? 


23. In what direction is a sample o£ plywood 
wcakest? Why? 


24. Concrete by irself is not strong enouph to build 
large structures. How do engineers overcome 
this Inherent weakness? 


J 


Discussion TopIcs 
1. Which of the materials described ¡n this chapter 


are most Important to recycle for economic rea- 
sons? For environmental reasons? For political 
reasons? Explain your answers. 


2. Should the government require that certain 
materials be recycled? If so, how should this 
requirement be enforced? 


3. What are some of the obstacles people face when 
trying to recycle materials? How mipht these 
obstacles be overcome in your community? 


4. You are given the choice of shopping either 
from a modern catalog or from one from 


the 1930s. Which catalog offers more 
goods? Which catalog would you choose 
and why? 


Exploring Further 


Stephen Fenichell, Ð⁄zøc: T5e Mñaking 0ƒ 4 SW7welic 
Œeø£uz}. New York: HarperCollins, 1997. 
Thịs engaging historical account tells how the 
development of plastics has had a profound 
effect on our socIety. 


http://www.invent.org 
Home page for the National Inventors Hall 
of Fame. se this site to ñnd additional infor- 
mation about many of the people referred to 
in this chapter. lo search by name, follow the 
links to www.invent.org/book/index.html. 


http://www.steelnet.org/index.html 
Web site for the Steel Manufacturers Association. 


http://trc.dfrc.nasa.gov/gallery/photo/x-33/index.html 
A photograph gallery showing the development 
of the X-33 prototype. You mipht also be Inter- 
ested in exploring the Web site of the Marshall 
Space Flipht Center at http://www1.msfc.nasa.gov. 


F the : 
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Managing for the Present and the Future 


In our search for energy sources, it is only natural to look to the sun. The 
warmth you feel from the sun, however, isn't so much because the sun is hot. 
Indeed, the suns surface temperature of 6000°C is no hotter than the flame 
of some welding torches. Rather, the primary reason you are warmed by the 
sun is because it is so big. Look at the lower right corner of this photograph, 
and yoưll see a small blue dot. This dot (painted on the photograph) is the 
approximate relative size of the Earth. Clearly, when we think about possible 
energy sources, the enormous energy wealth at the heart of our solar system 
demands our utmost attention. 
Indeed, whenever we burn plant material, we are releasing solar energy 
that was captured through photosynthesis. Solar energy is also released 
when we burn fossil fuels, which are the decayed remains of plants and 
_plant-eating animals. Electricity-producing hydroelectric dams depend on 
the water cycle, which is driven by solar radiation.Windmills harness wind to 
produce electricity and also to pump water, and winds exist because the 
sun heats different parts of the planet at different rates. Photovoltaic cells 
directly generate electric currents when exposed to solar radiation 
In addition, a number of energy sources that do not depend on the sun 
are now available, including nuclear, geothermai, and tidal energies. 
All usable energy, whatever the source, is delivered to us either in the form 
of fuel or in the form of electricity. The wonder of electricity is the ease with 
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which it can be transmitted to many sites. This property makes electricity one of 
our most convenient forms of energy. To produce electricity, however, requires the 
input of some other source of energy, such as the burning of a fuel. We therefore 
begin this chapter with a brief overview of how electricity is generated and how its 
consumption is measured. 


191 Hectricty ls a Convenient Form of Energy 


Electricity is the fow of electric charge. Ít is generated in a metal wire when 
the wire Is forced to move throuph a magnetic field and the fñeld causes the 
electrons of the metallic bonds to Ñow. By coiling the wire Into many Ïoops 
and rotating the loops throuph powerful magnetic ñelds, power companies 
are able to generate enough electricity to lipht up cities. Figure 19.1 illus- 
trates such an e/2c/r/c gen£f4i0r. 

The many loops of wire wrapped around an iron core form what is 
known as an 2z⁄/⁄z£. The armature is connected to an assembly of pad- 
dle wheels called a zzz2Zze. Energy from wind or falling water can cause the 
turbine and thus the armature to rotate, but most commercial turbines are 
5/2 frzb/nés, meaning they are driven by steam. To boil the water to cre- 
at€e steam requires an energy source, which is usually a fossil fuel or a 
nuclear fuel. 


Mì công ~ 
Metal ion 
`4 
3 


Multipie 
Wire loops 


Figure 19.1 
Basic anatomy of an electric generator. Electricity is generated in a looped wire as the wire 
rotates through a magnetic field. This motion causes electrons in the wire to slosh back and 


forth. Because the electrons are moving, they possess kinetic energy and so have the capacity 
to do work. 


19.1 Electricity ls a Convenient Form of Energy 


Suill under development are more efficient øs /z7zes, which are driven 


not by steam but by the hot combustion products of vaporized alcohols and 
liphtweight hydrocarbons. 


Concept Check v 


ls electricity more accurately thought of as a source of energy or as a car- 
rier of energy? 


Was this YOUFT answer? Electricity is energy that is readily transported through wires. In this sense, 
¡t can be thought of as a carrier of energy. The energy of electricity is used to run a light bulb, true, but the 
source of this energy is not the electricity. Rather, the electricity is merely delivering the energy that was 
generated by some electric generator, which received energy from some nonelectrical source, such as a 
fossil fuel or a waterfall. 


Whats a Watt? 


Power ¡s defined as the rate at which electrical energy (or any other form o£ 
energy) Is expended. Power is measured in watts, where l watt ¡s equal to 
1 joule per second: 


1 joule 
Ì watt=—————— 
1 second 


A lot of watts means that a lot of energy is being consumed quickly. A 100- 
watt lightbulb, for example, consumes 100 joules of energy cach second, 
and a 40-watt bulb consumes only 40 joules cach second. 

The typical U.S. household consumes electrical energy at an average rate 
of about 800 joules per second, or 800 watts. For a small city of 100,000 
households, this adds up to a rate of 80,000,000 watts, or 80 megawatts 
(MW). This, however, is just the average rate of energy consumption. Ïo 
meet peak demands, electric power plants must sometimes quadruple their 
average output. This is why small cities require electric 
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power plants that can produce energy at a pOWer rating 
of 300 megawatts or hipher. 

These needs are easily met by present-day power 
plants. A typical coal-fred plant produces on the order 
of 500 megawatts of electrical energy, a large nuclear 
plant can produce on the order of 1500 megawatts, 
and a large hydroelectric dam can produce more than 
10,000 megawatts. 

One factor affecting the cost of electricity 1s the 
source of the electrical energy. Fossil fuels and nuclear 
fuels produce hundreds of megawatts of power Írom a 
single power plant and are thus ablc to serve large areas, 
including citles (Flgure 19.2). Therefore economies of 
scale make electricity from fossil fuels and nuclear fuels 
relatively inexpensive. Electricity from sources that are 
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Figure 19.2 


Coal and natural gas are expected to be the predominant energy 
sources for the production of electricity in the United States. 


620 Chapter 19 Energy Resources 


Calculation Corner: Kilowatt-Hours 


Take a coreful loöok oa† your nex† electric bill. No†e †ha† you pay for elecf†rical enerqy In 
uni†s of kilowo††-hours. A kilowof† ¡s IOOO wa†fs, and a kilowa††-hour (kWh) represen†s 
†he amoun† of energy consumed ín | hour a† a rafe of † kilowa†† (OOO joules per second). 
Therefore, if elec†rical energy cosf†s l5 cen†s per kilowo††-hour, a ligh† bulb †ha† has a 

power ro†ing of IOO wo††s (O1 kilowo††) can be run for |O hours a† a cos† of l5 cen†s. 


The calculation to arrive Alternatively, ten 100-watt bulbs can also 
at this cost ¡s done as be run for I hour at a cost of 15 cents. 
follows: 


Step1 Calculate the total amount of energy con- 
sumed in kilowatt-hours: 


Step1 Calculate the total amount of energy con- 


tuyển: power in kilowatts X time = 
sumed ¡in kilowatt-hours: 


energy consumed in kilowatt-hours 


power In kilowatts X time = 0.1k\W 
enerey consumed in kilowatt-hours 10 bulbs x TbaE -x1Ih=1kWh 


0.1 kW x 10h = IkWh 
Step2_ Calculate the cost of consuming this mụch 
enerpy: 


Step2_ Calculate the cost ofconsuming this much kilowat-houes Cho TT 


xxx SÁU kilowatt-hour = cost 
kilowatt-hours consumed x price per 15 
kilowatt-hour = cost l kwWh b 1 kWñ = 


l5 
1 ss =l5ứ 
kwWh I kWh Your Turn 


How mụuch does it cost to operate ten 100-watt 
light bulbs for 10 hours at a cost of 15 cents per 
kilowatt-hour? 


not so easily centralized, such as wind energy, have traditionally been more 


cxpensive. Hlowever, this gap has narrowed significantly as technology has 
Improved. 


but Limited Enerøy Source 


Our fossil-fuel supplies were created hundreds of millions of years ago 
when ancient plants and animals died and became buried in swamps, lakes, 
and seabeds. These supplies cannot be replaced after we have used them up, 
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which is why they are often referred to as øøzzeweiablz energy sources. Esti- 
mates vary on the world's supply of fossil fuels, which include coal, petro- 
leum, and natural gas. Even the most conservative estimates, however, show 
that, at present consumption rates, recoverable petroleum reserves will be 
depleted within 100 years and recoverable natural-gas reserves within 150 
years. As depletion approaches, these valuable commodities will become 
too costly. Coal reserves, on the other hand, are more abundant and may 
last another 300 years. Worldwide, nearly all our present energy needs are 
met by fossil fuels—38 percent from petroleum, about 30 percent from 
coal, and about 20 percent from natural gas. 

Why are fossil fuels so popular? First, they are readily available in many 
regions o£ the world, as shown in Figure 19.3. Second, gram for gram, they 
store much more chemical enerey than other combustible fuels, such as 
wood. Third, they are portable and make excellent fuels for vehicles. 

Gases emitted when fossil fuels are burned have negative environmen- 
tal efects. As discussed in Section 17.2, sulfur and nitrogen oxides lead to 


Europe 
Coal 12.4% 
Petroleum 2.0% 

Natural gas 3.5% 


Middle East 
Coal 6.2% 
Petroleum 65.4% 
Natural gas 33.8% 


_" 


Figure 19.3 
Fossi-fuel deposits are not distributed evenly throughout the world. For instance, 65 percent 


of the worlds recoverable petroleum deposits are in the Middle East, along with 34 percent of 
recoverable natural-gas deposits. North America is relatively poor in petroleum and natural gas 
but has a bit more than one-fourth of the world5 supply of coal. 
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Coal 


Natural gas 


Petroleum 


Figure 19.4 
Typical molecular structures of coal, petroleum, and natural gas. 


acid rain. These gases, along with particulates created from the combustion 
Of fossil fuels, are also a leading cause of urban smog. On a global level, the 
burning of fossil fuels presents a potentially more devastating distur- 
bance——increased plobal warming, as discussed in Section 17.4. 

The molecular structure of fossil fuels accounts for their physical 
phases. Ás shown in Figure 19.4, coal is a solid consisting of a tiphtÌy 
bound three-dimensional network of hydrocarbon chains and rings. Petro- 
leum, also called ez2 ø2/, is a liquid mixture of loosely held hydrocarbon 
molecules containing not more than 30 carbon atoms each. Natural ØaS IS 
primarily methane, CH¿, which has a boiling point of — 163°C. Smaller 
amounts of gaseous ethane, C;H¿, and propane, CzHạ, are also found in 
natural øas. 

[nterestingly, there is a fourth form of fossil fuel, known as ø£/ðZe 
øyrat. Most deposits of this material are located kilometers beneath the 
ocean Ẩoor, but in certain locations, the deposits lie just beneath the ocean 
Hoor, where researchers can collect samples. Methane hydrate is a white, ICy 
material, and it is made up of methane gas molecules trapped inside CaØ€S 
of frozen water, as shown in Figure 19.5. Most experts agree that the sup- 
Ply of methane hydrate is at least twice that of coal, petroleum, and natu- 
ral gas eøz#7z¿Z. Because methane hydrate is much more difficult to collect 
than the other forms of fossil fuel, however, this energy source will likely 
remain untapped for quite some time. 
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Methane rsolecutt 


Coal Is the Filthiest Fossil Fuel 


Coal is the most abundant nonrenewable energy source on the planet. 
Worldwide, the amount of energy available from coal is estimated to be 
about ten times greater than the amount available from all petroleum and 
natural-gas reserves combined. Along with being the most abundant fossil 
fuel, coal ¡s also the filthiest because It contains laree amounts of sụch 
impurities as sulfur, toxic heavy metals, and radioactive isotopes. Burning 
coal is therefore one of the quickest ways to introduce a variety of pollu- 
tants into the air. More than half of the sulfur dioxide and about 30 per- 
cent of the nitrogen oxides released into the atmosphere by humans come 
from the combustion of coal. As with other fossil fuels, the combustion of 
coal also produces large amounts of carbon dioxide. 

Extracting coal from the ground ¡s also harmiul to human health and 
to the environment. Mining coal from underground mines, as the workers 
in FEigure 19.6 did, is a dangerous job with many health hazards. Local 


Figure 19.5 

(a) Bubbles of methane gas escaping 
from a deposit of methane hydrate 
found on the ocean floor. (b) Once 
brought to the surface, methane 
hydrate crystals quickly decompose 
as the ice melts and the methane 
gas—seen here burning—is released. 
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Figure 19.6 
Coal miners in Pennsylvania in the 
19305. 


Figure 19.7 

Pulverized coal floats on water, but 
impurities sink. This difference in densi- 
ties allows for a simple and efficient 
means of purifying coal before it is 
burned. 


Waterways are contaminated as they receive efuents from the mines. These 
effuents tend to be very acidic because of the sulfuric acid that forms from 
the oxidation of such waste minerals as iron sulñde, EeS›. When coal is 
mined from the surface, a process called s/z72 z7zø, there are fewer occu- 
patlonal hazards, but the tradeofF ¡s that whole ecosystems are destroyed. 
Although strip mining ¡is initially cheaper than digging, the cost of restor- 
¡ng the ecosystem can be prohibitive. 

Despite these drawbacks, coal reserves remain abundant, and so cÌose to 
60 percent of the electric power generated in the United States comes from 
coal-fired plants. 

There are several ways to make burning coal a cleaner process. The coal 
can be puriRed before it is burned, pollutants can be filtered out after com- 
bustion, or the combustion process can be modifed so that it is more effi- 
cient and fewer pollutants are produced. 

Purifying coal prior to combustion usually involves pulverizing the coal 
and mixing it with detergents and water, as is demonstrated in Figure 19.7. 
The density o£ coal is lower than the density of any ofits mineral impuri- 
ties. Â proper adjustment of the solutions density therefore allows the coal 
to Hoạt to the surface, where it is skimmed of, while the impurities sink to 
the bottom. This method o£ purifcation, called øzzzøø, adds further cost 
to the coal, which is already expensive because of the high mining and ship- 
ping costs. Nonetheless, fotation is successful at removing most of the 
coals mineral content, including up to 90 percent o£ the iron sulfde. Large 
quantities of sulfur still remain chemically locked in the coal, however. This 
sulfur can be removed only after combustion. 

Most coal-fired utilities today remove any sulfur dioxide created when 
coal is burned by directing gaseous effluents into a sezzð;ø, illustrated in 
Figure 19.8. Within the scrubber, the efluents come in contact with a 
slurry of limestone, CaCO¿. Úp to 90 percent of the sulfur dioxide is 
removed as ít reacts with the limestone to form solid calcium sulfte, 
CaSO, which ¡is readily collected and sent to a solid-waste disposal site. 
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As a result of fotation and scrubbing technologies, sulfur 
dioxide emissions have decreased by 30 percent over the past 20 
years, despite a 50 percent increase in the use of coal. This is 
promising, but given our dependence on coal, there is still plenty 
OÊ room for improvement. For example, nitrogen oxide emis- 
sions have remained relatively constant. Also, equipping a coal- 
fired power plant with a scrubber reduces the efficiency at which 
the coal energy is converted to electrical energy from 37 percent 
to 34 percent. 

Fewer pollutants and greater effciencies are achieved by 
redesigning the combustion process. Ïn conventional power 
plants, pulverized coal is burned in a combustion chamber, where 
the heat vapor1zes water in steam tubes. Newer chambers send jets 
of compressed aïr into the pulverized coal, and as a result the coal 


becomes suspended as it burns. This allows the coal to burn more SO;-containing——> 
eflictently and also provides a better transfer of heat from the coal  effluentsfrom 


to the steam tubes. Because air-suspended coal burns more effi-  €92'fed 


ciently, lower temperatures can be maintained, resulting in a ten- 
fold decrease in nitrogen oxide emissions. (Recall from Chapter 
17 that nitrogen oxides form as atmospheric nitrogen and oxygen are sub- 
jected to extreme temperatures.) Air-suspended coal can be burned ¡n the 
presence of limestone, which removes more than 90 percent of the sulfur 
dioxide as it forms, thus avoiding the need for a scrubber. Cleaned of sul- 
fur and nitrogen oxides, the hot, pressurized efluent can be directed into a 
gas turbine that generates electricity in tandem with the steam turbine. 
Overall, this system converts coal energy to electrical energy with an effi- 
ciency of about 42 percen. 

More efficient combustion is one possible future for coal. Another and 
more hopeful future involves treating coal with pressurized steam and oxy- 
gen, a process that produces clean-burning fuel gases such as hydrogen, H›. 
These futures for coal, however, are only short-term. Like all other fossil 
fuels, coal is a nonrenewable energy source, and it will not be with us for 
the long haul IÝ we continue to burn It. 


Concept Check v 


What is the major advantage of using coal as an energy source? 


Was this Y0UFT anSW€F? coal ¡s relatively abundant, which means it can be used as an energy 
SOurce for many years to come. 


Petroleum ls the King of Fossil Fuels 


The energy content of the coal reserves in the United States far exceeds that 
of the fossil-fuel reserves of all Middle East natlons combined. Why, then, 
does the United States import so mụch petroleum from these natlons: The 
immediate answer is because petroleum is a liquid, and liquids are far more 
convenient to handle ¡n bulk quantities. 


power plant 


Scrubbed gas to atmosphere 


Spray tower 


- 


=== . 9Ô 
solid-waste 
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Figure 19.8 

A scrubber is used to remove most of 
the sulfur dioxide created when coal is 
burned. 
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Figure 19.9 
Petroleum is easily and cheaply trans- 
ported because ít is a liquid. 


Consider, for example, that because petroleum is a liquid, it is easy to 
extract from the Earth. Punch a hole in the ground ¡in the right place, and 
up It comes—no underground mining necessary. Being a liquid, petroleum 
Is also easy to transport. Huge oil tankers easlly load and unload liquid 
petroleum, as shown ¡in Figure 19.9. On land, petroleum can be pumped 
vast distances via a network o£ pipelines. Coal, on the other hand, must be 
dug out of the ground with heavy machinery and shipped as solid cargo, 
usually aboard trucks or freight trains. 

Petroleum ¡s also versatile. It contains all the commercially important 
hydrocarbons, such as those that make up gasoline, diesel fuel, jet fuel, motor 
oil, heating oil, tar, and even natural gas. Using fractional distillation (Section 
12.1), oil refnerles can convert one type of petroleum hydrocarbon to 
another, thereby tailoring their output to ft consumer demand. Furthermore, 
petroleum contains mụch less sulfur than does coal and so produces Ìess sul- 
fur dioxide when burned. So, despite its vast coaÌ reserves, the United States 
has a royal thirst for petroleum, the king of fossil fuels, consuming about 17 
million barrels cach day. Thịs is about 10 liters per U.S. citizen per day. 

Of the 17 million barrels of petroleum consumed each day in the United 
States, 1Ó million ¡s burned for energy. The remaining 1 million is used to 
provide raw materlal for the production of organic chemicals and polymers. 
Thus only one-seventeenth of the hydrocarbons consumed daily goes into 
useful materials. The rest is burned for energy and ends up as heat and smoke. 


Natural Gas Is the Purest Fossil Fuel 


Natural gas is a component of petroleum, but there are also vast deposits of 
free natural gas in underground geologic formations. The natural Øas In 
these deposits can be collected and stored in tanks like the ones shown in 
T5 LHFC 12,10, 

Natural gas burns more cleanly than petroleum and much more cleanly 
than coal. This purest of fossil fuels contains negligible quantities of sulfur; 
hence, insignificant amounts o£ sulfur dioxide are produced. Also, because 
natural gas burns at lower temperatures, only small amounts of nitrogen 
oxides are released. Perhaps most important, however, is that 8enerating 
cnergy from natural gas produces less carbon dioxide—about haÏf as much 
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as 1s produced from burning coal. Because it is a gas, however, this fossil 
fuel is cumbersome to isolate and transport. Also, its natural abundance is 
not much greater than that of petroleum. Therefore, we cannot rely on nat- 
ural gas for meeting our long-term energy needs. Experts suggest, however, 
that switching to natural gas as much as possible may buy time and protect 
the environment until technologies for nonfossil energy sources are per- 
fected and made competitive. 

Another advantage of natural gas is that it can be used to generate elec- 
tricity with great eficlency. Wi¡th a steam turbine, fossil fuel is burned ïn a 
boiler to produce steam, which runs the electricity-generating turbine, as 
shown in Figure 19.1. Such a system burning natural gas to boil the water 
produces electricity with an efliciency of about 36 percent, comparable to 
the 34 percent efliciency attained using coal. However, as mentioned in Sec- 
tion 19.1, the latest development in turbine technology 1s the ø2§ Z7, In 
which the step of converting water to steam ¡s eliminated. Instead, the hot 
combustion products of natural gas are what drive the paddle wheels 
of the turbine. In addition, the exhaust from the gas turbine is sufl- 
ciently hot to convert water to steam, which 1s then directed to an 
adjacent steam turbine to generate even more electricity. Thiĩs system 
Of using a gas turbine in tandem with a steam turbine can produce 
electricity with an efficiency as hiph as 47 percent. Even higher effi- 
ciencies can be attained by chemically converting natural gas to 
molecular hydrogen, Hạ, which can be used to generate electricity In 
fuel cells, discussed in Section 11.3. 

There are two types of natural gas supplied to consumers, one 
containing primarily methane, CH¿, and the other containing pri- 
marily propane, CzH. Methane is lighter than air, whiích makes ít 
relatively safe to deliver through a network of pipes extending 
throughout a municipality. IÝa leak occurs, the methane mercÌy rises 
skyward, minimizing the fire hazard. Propane is heavier than air and read- 
¡ly liqueRes under pressure. Because of these properties, propane is best 
stored as a liquid in pressurized tanks like the one shown in Eigure 19.1]. 
Propane tanks are used in areas not connected to municipal gas lines and 


require periodic filing. 


Figure 19.10 

Natural gas is stored in large spherical 
tanks because this shape holds the 
greatest volume for a given amount of 
building material. 


Figure 19.11 

lf you use natural gas and it is stored 
outside your home in a pressurized 
tank, you are using propane. lf there is 
no tank outside your home, you are 
using methane. 
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Figure 19.12 

Nuclear fission involves the splitting 
apart of large atomic nuclei. Nuclear 
fusion involves the coming together 
of small nuclei. 


Concept Check v 


Of the three forms of fossil fuels, which is most abundant worldwide? 
Which burns most cleanly? Which is the easiest to transport? 


Were these Y0Uur anSWeFS? coal is the most abundant. Because it contains few impurities, natu- 
ral gas burns most cleanly. Because it is a liquid, petroleum-is easiest to transport. 


19.4 There Are Two Forms of Nudear Energy 


Figure 19.12 summarizes the two forms of nuclear energy. Cne form is 
nuclear fission, which involves the splitting apart of large atomic nuclel, 
such as uranium or plutonium. The other ¡s nuclear fusion, which involves 
the combining of two small atomic nuclei, such as deuterium and tritium, 
into a sinele atomic nucleus, helium. All nuclear power plants to date use 
nuclear fission. These plants produce electrical enerey without emitting any 
atmospheric pollutants. For a review of the concepts underlying nuclear ñs- 
sion and fusion, see Chapter 4. In this section we discuss some of the social 
and technological Issues related to nuclear energy. 


Nuclear fission Nuclear 


fragments 
Large 
nucleus 
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Nuclear fusion 
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Nuclear Fission Generates Some of Our Electricity 


Nuclear fssion energy for the cormamercial production of electricity has been 
with us since the 1950s. In the United States, about 20 percent of all elec- 
trical energy now originates fom 104 nuclear fission reactors situated 
throughout the country. Other countries also depend on nuclear ñssion 
energy, as 1s shown ¡in Eigure 19.13. Worldwide, there are about 435 nuclear 
reactors In operation and 36 currentÌy under construction. 
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Figure 19.13 
Percentage of electricity generated from nuclear fission reactors in selected countries. 


Countries turning to nuclear fssion energy have decreased thetr 
dependence on fossil fuels and have diminished their output o£ carbon 
dioxide, sulfur oxides, nitrogen oxides, heavy metals, airborne particulates, 
and other pollutants. Money that would have been spent on foreign oil pay- 
ments has been saved. Ít ¡s estimated, for example, that nuclear fñission 
energy has saved the United States $150 billion in foreign oil payments. 

Without an enormous and _concerted conservation effort, the world 
energy demand is going tO Increase, especially in light of growing populations 
and the dire need for economic growth ¡n developing countries. Should 
nuclear energy productlon come to a standstill, allowing fossil fuels to accom- 
modate this increased energy demand Or should we continue to operatc 
existing nuclear power plants—and even build new ones—unril the alterna- 
tive sources of energy discussed later in this chapter become feasible ơn a large 
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Figure 19.14 

Yucca Mountain in Nevada is a promis- 
ing site for a permanent repository for 
nuclear wastes. Exploratory tunnels 
have already been drilled, and exten- 
sive tests are under way. 


scale? Nuclear advocates sugøest a fivefold increase in the number o£ nucÌear 
power plants over the next 50 years. They argue that nuclear flssion ¡s an envi- 
ronmentally friendly alternative to increased dependence on fossil fuels. 

In many countries, however, the public perception of nuclear energy 1s 
less than favorable. There are indeed formidable disadvantages, including 
the creation of radioactive wastes and the possibility of an accident that 
releases radioactive substances into the environment. In rebuttal, advocates 
point out that we cannot insist that nuclear ñssion energy be absolutely safe 
while at the same time accept tanker spills, global warming, acid rain, and 
coal-miner diseases. 

So how much radioactive waste ¡s there? According to the U.S. Depart- 
ment o£ Energy, there is on the order of 32,000 tons of spent nuclear fuel 
rods stored at reactor sites around the nation, and this amount continues to 
prow by about 2000 tons cach year. The military is also a significant source 
of radioactive wastes. Holding tanks at the Hanford nuclear weapons plant 
in the State of Washington, for example, contain about 200 million liters of 
hiphly radioactive wastes. The general consensus among scientists is that our 
radioactive wastes are best handled by storing them in underground reposi- 
torIes located in geologically stable repions. Ñater seeping into such a repos- 
Itory, however, could greatly accelerate the corrosion of casks housing the 
radioactive wastes. [herefore an effective repository should also be relatively 
void of water and placed hundreds of meters above any water table. 

1o date, no long-term repositorles are in operation anywhere in the 
world, primarily because few, 1Ý any, communities want such a repository in 
therr “backyard.” Furthermore, once a potential site øets chosen, extensive 
and time-consuming evaluations are necessary. For example, tests at a 
promising site beneath Yucca Mountain in Nevada, shown in Figure 19.14, 
have been going on since 1982 and are not expected to yield conclusive 
results until sometime after 2007. In 2002, however, President George ÑW. 
Bush gave his approval to the site. Ïf approval ¡s upheld, 
a network of tunnels 150 kilometers in combined length 
would accommodate more than 80,000 tons of radioac- 
tíve wastes. Signs of water seepage, however, raise con- 
cerns that this site is less than ¡deal. If so, what then? 
Because of the dificulty in ñnding locations and the 
costs Involved, Yucca Mountain is currently the only site 
under consideration ¡n the United States. 

In addition to generating radioactive wastes, nuclear 
power plants pose the risk of having an accident in 
which radioactive material is released into the environ- 
ment. [he safety design ofa nuclear power plant, how- 
ever, has great bearing on the risks associated with gen- 
erating nuclear fission energy. In 1979, a nuclear reactor 
at a facdlity on Three Mile Island, near Harrisburg, 
Pennsylvania, heated to the point that the reactor core 
began to melt. No appreciable radioactivity leaked into 
the environment because the core was housed in a containment building 
(shown in Figure 4.27). Seven years later, in 1986, a total meltdown 
occurred at the nuclear power plant shown ¡in Figure 19.15, the Chernobyl 
plant in what is now Ukraine. Notably, the reactor core o£ the Chernobyl 
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plant was not built and operated in accordance with internationally 
accepted nuclear safety principles. For example, the medium used to con- 
trol the fisslon reactions was graphite, which loses its ability to control the 
reactions as the core temperature rises. Also, the reactor was not housed in 
a containment building. Because there was no containment building, large 
amounts of radiation escaped into the environmenr. 

Risk analysis of all nuclear power plants operated according to interna- 
tionally accepted safety standards indicates that one significant release of 
radioactive material from one of these plants can be expected every 200 
years. Recent technological advances, however, hold the promise of lower- 
¡ng this rate considerably. New plant designs involve smaller reactors that 
generate between 155 and 600 megawatts of power rather than the 1500 
megawatts that ¡s the usual output of todays reactors. Smaller reactors are 
€asier to manage and can be used in tandem to build a generating capacity 
suited to the community being served. 

Signiicant advances have also been made ¡n reactor safety. Early reac- 
tors reÌy on a series Of active measures, such as water pumps, that come into 
play to keep the reactor core cool in the event ofan accident. A major draw- 
back 1s that these safety devices are subject to failure, thereby requiring 
backups and, in some cases, backups to the backups! The new reactor 
designs provide for what is called ø2ss7e s⁄2ð/72y, In which natural processes, 
such as evaporation, are used to keep the reactor core cool. Furthermore, the 
core has a negative temperature coeflicient, which means the reactor shuts 
Itself down as Its temperature rises owing to a number of physical effects, 
such as any swelling of the control rods. 

The percentage of the worlds electricity produced by Ñssion reactors 
peaked in 1993 at l7 percent but slipped to 15 percent in 2000. The rea- 
son for this decline ¡s that older plants have been shut down as repalr costs 
have exceeded proft margins. Meanwhile, newer plants have not been 


Figure 19.15 

In 1986, a meltdown occurred at this 
nuclear power plant in Chernobyl, 
Ukraine. Because there was no contain- 
ment building, large amounts of 
radioactive material were released into 
the environment. Three people died 
outright, and dozens more died from 
radiation sickness within a few weeks. 
Thousands who were exposed to high 
levels of radiation stand an increased 
risk of cancer. Today, 10,000 square kilo- 
meters of land remains contaminated 
with high levels of radiation. 
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Figure 19.16 
Total worldwide electricity consump- 
tion projected through the year 2020. 


History Projections 
fOther sources 
I”uclear | 


built, largely because of negative public sentiment about nuclear energy. Ín 
the Dnired States, for example, from 1989 to 1999 the number of nuclear 
power plants in operation dropped from l 14 to 104. The projection is that, 
without major efforts to replace aging plants, there will be only 52 U.S. 
plants in 2020. Worldwide, the International Atomic Enerey Agency pro- 
Jects that by 2020, nuclear reactors will account for as little as 9 percent of 
the worlds electricity generation. This poses a tough dilemma because pro- 
Jectlons are that by 2020 the worlds electrical needs will have increased by 
about 75 percent, as indicated in Figure 19.16. 

If nuclear fission energy ¡is phased out, what will replace it? This ques- 
tion 1s of particular concern when viewed in the context of the Kyoto Pro- 
tocol, an agreement among some 160 nations that by 2012 they will have 
reduced their emissions of greenhouse gases back to or below 1990 levels. 


Concept Check v 


What is the major disadvantage of nuclear fission as an energy source? 


Was this YOUF äfSW€F? Nuclear fission reactors generate large amounts of radioactive wastes that 
require permanent large-scale storage facilities. 


Nuclear Fusion ls a Potential Source of Clean Energy 


A potential major source of energy for the mid to late 21st century is nuclear 
fusion. In todayš experimental fusion reactors, deuterium and tritium 
atoms (both isotopes of hydrogen) fuse to create helium and fast-flying neu- 
trons. The neutrons escape from the reaction chamber, carrying with them 
vast amounts of kinetic energy. 

Two positvely charged hydrogen nuclei do not just willingly come 
together, however, because there ¡s a powerful electric force of repulsion to 
De overcome. Ïn Section 4.10, we discussed one possible method for fusing 
hydrogen nuclei: laser confinement, which involves dropping pellets of 


19.3 There Are Two Forms of Nuclear Energy 


deuterium and tritium into the crossfre of powerful lasers that squeeze the 
fuel to a density 20 times that of lead. Another technique is magnetic con- 
hnement, which involves bringing nuclei to star-hot temperatures (about 
320 million degrees Celsius) so that they are moving so fast that their iner- 
tia brings them into contact with one another and they fuse. Because the 
star-hot deuterium and triium fuels are fully ionized, they can be con- 
tained by strong magnetic fields. For both systems, €nergetiC neutrons 
€scape Into a surrounding “blanket” that absorbs heat that can be used to 
create either steam or hot ionized gases for generating electricity. 

Fusion has already been achieved in several devices, but not beyond the 
break-even point, where the amount of energy produced is the same as the 
amount consumed. Much basic research ¡s still required and is the focus of 
a number ofinternational collaborative efforts. Research projects include the 
Tokamak Fusion Test Reactor (shown in Figure 19.174) and the Large Heli- 
cal Device, shown in Eigure 19.17b. For the latest information on these and 
other fusion projects, explore the ÑWeb sites listed at the end of this chapter. 


Figure 19.17 
gilếP interior view of the Tokamak Fusion Test Reactor at the Princeton Plasma Physics Labora- 


tory. Magnetic fields confine a fast-moving plasma to a circular path. At a high enough _ mien 
ture, the atomic nuclei in the confined plasma fuse to produce energy. (b) A fusion reaCtOr calle 
the Large Helical Device is being built and tested by researchers in Japan. These coils create a 
magnetic field that contains the hot ionized gas within which nuclear fusion takes place. 


Smoll-scole †able†op nuclear 
fusion devices ore rouTinely 
uSed 0s q source of neu†ron 
rodia†ion. Because of †heir 

desiqn, however, †hese devices 
consume more enerqy †han 
†hey release. 
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Fusion energy offers a number of advantages Over all other energy sources, 
including fission. Fusion reactors do not produce air pollutants that contribute 
to global warming or acid rain. The deuterium fuel they use ¡s available in 
essentially unlimited supply from seawater, and triium can be generated on 
site as part of the fusion process. Lastly, the amounts of radioactive wastes Dr- 
duced are much smaller than the amounts produced by fission reactors. 

One important possible drawback for fusion power is that the cost of 
building fusion facilities may well exceed the value of returns. Scientists 
already know that a fission facility generally needs to be operating for about 
20 years before investments are recovered. Because Íusion poWer Is neces- 
sarily more complex, the time span for ñnancial recovery is likely to be 
much longer. Thus, only the most developed nations may be able to aford 
nuclear fusion power plants—and not so many at that. Meanwhile, demog- 
raphers tell us that the greatest energy needs ¡n the future will be in rapidly 
growing developing nations. So despite the potential technical advantages of 
fusion power, on a social level irs development may widen the gap between 
the haves and have nots of this world. 


Concept Check v 


How many nuclear fusion plants are generating electricity for communities 
today? 


Was this YOUF anSW€FT? Because there are many technical hurdles yet to be overcome in building 
fusion plants, there are currently none in operation. 


The amounts of fossil fuels available to us are limited, and at present rates 
of consumption they wilÏ not last us far beyond our present century. Fuels 
for nuclear ñssion turn into sipnificant quantities of radioactive wastes, and 
sooner or later, socletys holding capacity for these wastes will be reached. 
And ¡t may turn out that the technical feasibility of nuclear fusion is not 
decades but rather centuries away. What we ultimately need, therefore, are 
$s/2/2ble energy sources. The ¡ideal sustainable energy source is one that is 
not only inexhaustible but also environmentally benign. 

Because no one sustainable source can meet the world§ totaL energy 
needs, the development of a variety of technologies provides our greatest 
hope. Switching to sustainable energy sources wilÏ require commitment from 
the general public. Perhaps the largest obstacle to changing public attitudes is 
the present abundance of fossil fuels, which are so packed with energy and so 
Incredibly convenient to burn. In a national survey of public attitudes con- 
ducted by the U.S. Department of Energy, however, sustainable sources were 
the most desirable form of energy by far. But can people put their money 
where their hearts are Fortunately, technologies are progressing rapidly, and 
sustainable energy sources may soon actually cost the consumer less! This is a 
critical point because in a market economy, it ¡s the dollar that speaks. Lets 
take a look at what some of the major alternative sustainable energy sources 
have to offer as well as some of their potential drawbacks. 
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Concept Check v 


What is a sustainable energy source? 


Was this YOUT a'SW€F? A sustainable energy source is one that has the potential for being avail- 
able for many years to come and is also environmentally benign. 


19.5 Water Can Be Used to Generate Flectricity 


NWater power originates from one ofthree sources: the sun, the Earths hot inte- 
rior, or the moon. As you read the following descriptons of methods we use 
to harness energy from water, trace the energy to one of these three sources. 


Hydroelectric Power Comes from the Kinetic Energy of Flowing Water 


Water flowing through a hydroelectric dam rotates a turbine that spins an 
electric generator to produce electricity, as Eigure 19.18 illustrates. In a 
modern facility, the efliciency with which kinetic energy is converted to 
electrical energy can be as hiph as 95 percent, which translates to low costs 
for the consumer. Hydroelectric power is clean, producing no pollutants 
such as carbon dioxide, sulfur dioxide, and other wastes. The source of this 
power 1s the sun, which transports water to mountain altitudes by way of 
the hydroglogic cycle. Hydroelectric power ¡s the most widely used sus- 
tainable energy source in the United States, supplying about 10 percent of 
our electricity needs. Ín developing countries, hydroelectric power supplies 
about 30 percent of all electricity needs. 

There ¡is great potential for ¡increasing the output of hydroelectric 
power, but not by building more dams. Only 2400 of the 80,000 existing 
dams in the United States are used to generate power. Many of these 
“untapped” dams could be fitted with turbines and generators. Further- 
more, most hydroelectric dams in the United States were built in the 1940s, 


Power lines 


x Falling water 
pushes against 
turbine. 


Figure 19.18 
An overview of a hydroelectric dam. 
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Figure 19.19 

The Three Gorges Dam under con- 
Struction in China. The Chinese gov- 
ernment estimates it will spend about 
$25 billion to build what will be the 
world's largest hydroelectric project. 
When completed in 2009, the dam 
will extend 2.2 kilometers across, cre- 
ating a reservoir that will be 600 kilo- 
meters long and will have displaced 
close to 2 million people from their 
homes. The capacity of the dam will 
be on the order of 18,000 megawatts. 
This combined with another 82,000 
megawatts from other current hydro- 
electric projects will provide an esti- 
mated 30 percent of the country 
electricity. 


Figure 19.20 
An ocean thermal energy conversion 
Operation. 


when equipment was not as efficient as it is today. New technologies can 
allow these older pÏants to operate more efficiently, producing more elec- 
tricity. The U.S. Department of Energy estimates that a Í percent improve- 
ment in the efficiency of existing U.S. hydropower plants would produce 
enouegh power to supply 283,000 households. 

Hydroelectric power plants may be pollutant-free, but for the local 
environment around the dam, there are surely consequences (Figure 
19.19). Fish and wildlife habitats are signiRcantly affected. One tragic con- 
sequence of some dams is that they prevent fish from reaching thetr spawn- 
ing grounds; therefore, fish populations decline. To address this concern, 
many dams have been retrofirted with fsh “ladders” that are supposed to 
encourage upstream mipration to spawning grounds. The success of these 
ladders has been limited, however. Reservoirs created by dams tend to fÏÏ 
with silt, afecting water quality and limiting the life-span of the dam. Fur- 
thermore, dams detract from the natural beauty oŸ a river, and ¡in many 
cases, valuable downstream cropland is lost or disrupted. Dams also need 
to be well maintained and inspected regularly to minimize the potential of 
a break, which would lead to catastrophic fooding. 


Temperature Differences In the Ocean Can Generate Electricity 


There is always a difference between the temperature of surface seawater 
(warmer) and the temperature of deep seawater (colder). A process known 
as 0ceaø £Đer?7n4l ene?ey coøerszon (OTEC) exploits thịs difference to pro- 
duce electricity. As shown in Figure 19.20, warm surface water is used to 
boil a liquid that has a low boiling point, such as anmonia. The resulting 
high-pressure vapor pushes against the turbine, and the movement of the 


Warm surface water is used 
to Vvaporize ammonia. 


High-pressure 
ammonia vapor 


@) Vapor pushes against turbine. 


Warm surface water 
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Figure 19.21 

(a) An aerial view of The Natural Energy Laboratory of Hawaii—the world's first OTEC facility— 
located oceanside of the Kona-Kailua airport. (b) The vertical axis turbine of the OTEC facility. 
The vapor-to-liquid heat exchanger is seen to the right. 


turbine generates electricity. After passing through the turbine, the vapor 
enters a condenser, where it is exposed to pipes containing cold water 
pumpcd up from great ocean depths. Ás its temperature drops, the vapor 
condenses to a liquid, which ¡s recycled throuph the system. 

OTEC 1s limited to regions where differences between ocean surface 
temperatures and deep-water temperatures are greatest. Fleets of floating 
offshore rigs have been proposed, with the electricity generated used to pro- 
duce transportable hydrogen fuel made from seawater. Ás Section 19.8 dis- 
cusses, hydrogen is the ultimate clean fuel—the only product oÊ its com- 
bustion is water. Onshore OTEC plants are best suited for islands, such as 
Hawail, Guam, and Puerto Rico, where deep waters are relatively close to 
shore. The worlds ñrst OTEC plant, shown In Figure 19.21, has been run- 
ning in Hawaii since 1990, producing about 210 kilowatts of electricity. 
Most of this electricity is used by a local aquaculture industry, which uses 
the nutrient-rich deep ocean water piped by the OTEC unit to breed spe- 
cialty fñshes and crustaceans for the U.S. and Japanese markets. Ihe piped 
cold water ¡s also used to air-condition the OTEC offices and laboratories! 


Geothermal Energy Comes from the Earth s Interior 


The Earth3 interior is quite warm because of radioactive decay and gravita- 
tional pressures. Ín some areas, the heat comes relatively close to the Earth$ 
surface. W/hen this heat pokes through, we see It as lava from a volcano or 
steam from a geyser. This is ø£2/ezz⁄2/ ezergy, and it can be tapped for our 
beneft. Figure 19.22 on page 638 shows some areas in the United States 
that have geothermal activIty. 

Hyyotbermal enerey 1s produced by pumping naturally occurring hot 
water or steam from the ground. Ít ¡s the predominate form of geothermal 
energy now being used commercially for electricity generation. Californi- 
ans currently receive about 1000 megawatts from hydrothermal power 
plants operating ¡n a region known as the Geysers, a larpe steam reservoir 
north of San Francisco. There are 45 hydrothermal power plants in the 
United States, and many more ¡in Italy, New Zealand, and Iceland. The 
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Figure 19.22 
Regions of the United States where the 
prospects for geothermal energy are greatest. 


Figure 19.23 

About 50 percent of the electricity 
generated ïn Iceland is from geother- 
mai sources. This is the Blue Lagoon, a 
Warm pool created from the effluent of 
the hydrothermal power plant visible 
in the background. 


Potential applications 
Ñ Electric generation 
L] Direct heat 


present generating capacity of all hydrothermal power plants worldwide 1s 
about 7000 megawatts, and one installation 1s shown in Eigure 19.23. 

Hydrothermal plants produce electric power at a cost competitive with 
the cost of power from fossil fuels. Besides generating electricity, hydrother- 
mai energy ¡s used directly to heat buildings. Across the United States, geo- 
thermal hot-water reservoirs are much more common than geothermal steam 
reservoirs. Most of the untappced hot-water reservoirs are in California, 
Nevada, Utah, and New Mexico. The temperatures of these reservO1rs are not 
hot enouph to drive steam turbines eficlently, but the water 1s used to boiÌ a 
secondary ẳHuid, such as butane, whose vapors then drive gas turbines. 

Hội đry rocE enerey, another form of geothermal energy, involves using 
hydraulic pressure to open up a large reservoir deep underground. Liquid 
water Is injected Into the reservoir, heated by the hot rock, and then 
brought back to the surface as steam to generate electricity. Cne test facil- 
Ity near Los Alamos, New Mexico, consists of wells drilled to a depth of 
4 kilometers. 
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G£opressure/ brize, yet another form of geothermal energy, Is extracted 
warm subterranean brine water that is high in dissolved methane. Deposits 
of this brine are found primarily along the coast of the Gulf of Mexico. The 
methane can be separated on site and then used to heat the brine. Both 
these technologies are still largely developmenral. 

Geothermal energy is not without disadvantages. Few gaseous pollu- 
tants are emitted, but one of those pollutants is hydrogen sulñde, H;S, 
which smells o rotten eggs even at low concentrations. Also, water coming 
from inside the Earth is often several times more saline than ocean water. 
Thịs salty water is highly corrosive, and its disposal is a problem. Further- 
more, withdrawing water from geologically unstable regions may cause land 
to subside and possibly trigøer earthquakes. 


The Enersy of Ocean Tides Can Be Harnessed 


The moon$ gravitational pull on our planet is uneven. The side of the Earth 
cÌosest to the moon experiences the greatest pull, and the side farthest away 
experlences the weakest pull. The result of this uneven pull ¡s a subtle, 
planet-wide elongation of our oceans. As the Earth spins underneath this 
elongation, Earth-bound observers notice a perpetual rise and fall of sea 
level. These are our ø2c¿Z Z/2s, and they can be harnessed for energy. 

Tidal power is normally obtained from the ñlling and emptying of a 
bay or an estuary, which may be closed in by a dam. When tidal waters Ñow 
throuph the dam (in either direction), they cause a paddle wheel or turbine 
to rotate, and this motion generates eleCtrIcIty. 

The prospects for using tidal power on a large scale are not good. Ín 
order to be effective, the tides must be relatively great. Ihis severely limits 
the number of potential sites worldwide. Furthermore, many of these 
potential sites are praised for their natural beauty. In such cases, publïc 
opposition to building a power plant would be strong. Nonetheless, tidal 
pOW€r is an option some communities may wish to consider. Cne success- 
ful site, located in Brittany, a region of France, produces about 240 
mepawatts of eleCtrICIty. 


Concept Check v 


Of the four forms of water power discussed in this section, which are solar 
in origin? Which is lunar? Which is a result of the Earth5s hot interior? 


Was this Y0UFT anSWeF? The energy obtained from dams and from ocean thermal energy conver- 
sion is solar. Tidal energy is lunar,and geothermai energy is the result of the Earth5 hot interior. 


———————— 
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Plants use photosynthesis to convert radiant solar energy to chemical 
energy. This chemical energy comes in the form of the plant material 
itselE —biomass. Ñe can use the energy of biomass in two ways: process the 
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Does biomoss sound reminiscen† of fossil fuels? 
T† should, because biomoss is simply a fossil 
fuel wifhou† †he fossildead plan† ma†erial 
†ha† has ye† †o †urn in†o codl, pe†roleum, 
or naf†urdl gas. Jus† abou† any†hing you can 
do wi†h fossil fuels, you con do wi†h biomoss 
excep†, of course, deple†e I† and crea†e as 
much polluTion. 


Figure 19.24 

Gasohol is gasoline containing an alco- 
hol additive. The alcohol provides an 
octane boost, allowing an engine to 
run more efficiently with less pollution. 
lf the alcohol is produced from bio- 
mass grown within a nation, there is 
the added benefit of a reduced 
dependence on foreign oil. 


biomass to produce transportable fuels, or 
burn the biomass at a properly equipped 
power plant to produce electricity. Biomass 
can be grown on demand in regions where 
water supplies are abundant. [f biomass 1s 
produced at a sustainable rate, the carbon 
dioxide released when the biomass ¡is 
burned balances the carbon dioxide con- 
sumed during photosynthesis. Biomass 
combustion products generally contain 
about one-third the ash produced by coal 
and about 30 times less sulfur. 


Fuels Can Be Obtained from Biomass 


The U.S. transportation industry is 97 percent dependent on petroleum and 
consumes 63 percent of all petroleum stockpiles. Fuels from biomass, such 
as the alcohols ethanol and methanol, are natural aÌlternatives to petroleum- 
based fuels. In fact, both these alcohols have a hipher octane rating than 
gasoline, which ¡s why they are the preferred fuels of race-car drivers. They 
were also the preferred fuels of automotive pioneers Henry Ford and Joseph 
Diesel, who originally intended biofuels for their automobiles. Ethanol from 
fermented grains was about to be used by the automobile industry Just prior 
to the passage of the 19th U.S. Constitutonal amendment prohibiting its 
use. Prohibition allowed the petroleum industry to take over. 

Today in the Dnited States, government programs requiring the addi- 
tion of 10 percent alcohol to gasoline are becoming widespread. You can 
recognize a service station selling øzsø2ø/ by signs such as the one shown in 
Fipure 19.24. Ethanol, also known as øz⁄2 2Í/£obø/, can be prepared from 
the fermenration of food biomass—any grain will do, but simple carbohy- 
drates such as supars work best. Methanol, also known as ?0øø z/£øoøl, can 
be obrained by heating woody biomass in the absence of atmospheric oxy- 
gen. [he methanol evaporates and is collected by distilation. The remain- 
¡ng undisulled plant matter produces a charcoal that ¡s the equivalent of 
sulfur-free coal. Furthermore, some important industrial chemicals, such as 
acetic acid, acetone, and hydrocarbon-based oils, are also produced. 

Ethanol is currently the biofuel used most widely in the United States, 
accounting for nearly I percent o£ the nations transportation fuel needs. 
Production ¡s based in the Midwest, where about 400 million bushels of 
corn is fermented into more than 4 billion liters of ethanol annually. The 
country that has the largest program ¡is Brazil, where ethanol is produced 
from the fermentation of sugar cane. The Brazilian program was an inno- 
vatIve response to the oiÏ crisis of the 1970s. By 1989, some 12 billion liters 
of ethanol replaced almost 200,000 barrels of gasoline a day in approxi- 
mately 5 million Brazilian automobiles. The program created 700,000 jobs 
and significantly improved air quality ¡n polluted metropolises, such as Sấo 
Paulo and Rio de Janeiro. 

Ethanol from fermentation is relatively expensive because of the great 
ñnancial and environmental costs oŸ growing food biomass, a process 


19.6 Biomass ls Chemical Energy 641 


that requires vast amounts of water and fertilizer. Ethanol derived from 
petroleum is actually less expensive. (But only because crude oiÏ prices are 
kept artificially low. If taxpayer subsidies, exemptions from paying for 
the environmental damage from mining and drilling, and the cost of mil- 
Itary protection are factored in, the price of crude oil jumps from $20 a 
barrel to $89 a barrel. Assuming this latter figure, biomass-derived fuels 
are extremeÌy cost-competitive.) 

Methanol from biomass can also be costly because only relatively small 
amounts of it are produced through distillation. For this reason, most 
methanol today is produced from natural gas. The coal industry is even 
gcaring up to produce methanol from ¡ts vast coal reserves. However, cre- 
ating methanol from coal produces more pollution than is saved by burn- 
¡ng the cleaner methanol. 

On the bripht side, technology ¡s being developed for making fer- 
mentable sugars out of low-cost woody feed stocks. Ethanol produced from 
such inexpensive sources is currentÌy cost-competitive with gasoline. IÝ vast 
supplies of woody plants become available, the wholesale cost of ethanol 
could drop to as low as 36 cents per gallon. 


Biomass Can Be Burned to Generate Electricity 


Converting biomass to a transportable fuel is an extra step that 
decreases energy cfliclency. Higher efliciencles are obtained by 
burning the bio-mass directly. In the United States, electricity 
produced from biomass has grown from 200 megawatts in the 
carly 1980s to more than 8000 megawatts in the 1990s— 
a 4000 percent increase. Most biomass power 1s generated by 
Paper companies and fÍorest products cormpanies, using wood 
and wood wastes as fuel. Municipalities are experimenting with 
solid-waste incinerators that provide electricity and waste dis- 
posal simultaneously. (On average, about 80 percent of the dry 
weipht of municipal solid waste is combustIble organic material.) 

The traditional approach to generating electricity from 
biomass is to burn the biomass ín a boiler where water ¡s 
converted to steam used to drive a steam turbine. Efficiencies 
can be more than doubled by first converting the biomass to 
a gaseous fuel, which may be done by applying air and steam 
at high pressure. Alternativcly, gaseous fuels are also pro- 
duced by mixing the biomass with very hot sand as is done 
at the Vermont facility shown ¡n Figure 19.25. The gaseous 
fuel is burned, and the hot combustion products are directed 
to a gas turbine that generates electricity. In addition, the | 
exhaust gases from the turbine can be used to produce steam for indus- 
trial applications or for additional power generatlon. WWhereas steam tur- 
bines have shown no improvements in efficiency since the late 1950s, gas 
turbines have improved continuously. Estimates indicate that a g3S LUT- 
bine running on gas from biomass would be cost-competitive with con- 
ventional coal, nuclear, and hydroelectric power both ¡n industrialized 


countries and in developing countrIes. 


Figure 19.25 

The Vermont Biomass Gasification 
Project supplies more than 50 MW of 
electricity to the Burlington, Vermont, 
area. The electricity is gqenerated by 
gas turbines powered by the combus- 
tion of a gaseous fuel mixture created 
as wood chips are mixed with very hot 
sand (1000°C). 
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Concept Check v 


What do biomass and fossil fuels have in common? 


Was this Y0Uuf answer? They both originate from solar energy. 


19.7 Energy Can Be 
Sunlight can be used directly to heat our homes. Mirrors and lenses can 
concentrate sunlieht onto water to create steam for generating electricity. 
Sunlight causes winds, which can drive electricity-producing wind turbines. 
With photovoltaic cells, the energy of sunlipht can be converted to an elec- 
tric current. All these methods of harnessing energy from direct sunlipht are 


advancing rapidly. In the near future, they will be cost-competitive with 
methods using fossil and nuclear fuels. 


Solar Heat Is Easily Collected 


\Whether you live in a hot or cold clmate, you can conserve energy by tak- 
ing advantage of the suns rays. Heating water for bathing and washing 
dishes and clothes consumes a considerable amount of energy. A typical 
household uses about 15 percent of its total energy consumption to heat 
water. Energy to heat water could Just as welÌ come from the sun as from 
the local electric power plant or natural-pas supplier. 

A solar energy collector for heating water 1s not much more than a 
black metal box covered with a glass plate, as Figure 19.26 illustrates. 


Glass plate 


Warm water 


(b) 


Figure 19.26 

(a) A solar energy collector is covered with glass to provide a greenhouse effect: sunlight pass- 
¡ng into the box is converted to infrared radiation, which cannot escape. (b) Most solar energy 
collectors are located on rooftops. The collectors are painted black to maximize the absorption 
of solar heat. The rooftop collector shown here is used for warming an outdoor swimming pool. 
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Sunlight passes throuph the glass and into the box, where it is absorbed 
by the black metal, which becomes hot and so emits infrared radiation. 
Because glass 1s opaque to infrared, these rays stay in the box and cause 
signiicant warming. Ñater passing through pipes in the box is heated by 
this trapped warmth. 

NWater that has passed through a series of collectors can be scalding hot. 
Thịs water can be stored in well-insulated containers and used for all wash- 
Ing purposes. Air passing over coils of solar-heated water becomes warm 
and may be used to heat buildings. Even ¡n cold northern climates, more 
than 50 percent of all home heating could be obtained from solar collec- 
tors. Although installing them can be expensive, over time they more than 
pay for themselves with energy savings. 


Solar Thermal Hlectric Generation Produces Electricity 


A variety of technologies collectively known as sø/27 zðer724l electYic øe'›ef42fi0nl 
can be used to produce electricity from sunlipht. One technology involves 
pumping a synthetic oil through a pipe positioned near a mirror-coated 
trough, as shown in Eigure 19.27. The extremely hot oil is then used to gen- 
€rate steam in a steam turbine being used to generate clectricity. This design 
1s currently being used ¡n the desert repions of southern California, where 
more than 360 megawatts of electricity is produced at an operating cost of 
about 10 cents per kilowatt-hour. A natural-sas burner provides supplemen- 
tal heat during periods of high demand or cloudy weather. 

A second technology involves a large array of sun-tracking mirrors 
focused so that the sun shines on the top of a central tower, where the tem- 
p€rature soars to about 2200°C. Much of the solar heat ¡s carried away by 
a molten salt, primarlly sodium nitrate, NaNOa. The hot molten saÌt is 
piped to an insulated tank where the solar thermal energy can be stored for 
up to one week. When electricity is needed, the saÌt is pumped to a con- 
ventional steam-generating system for the production of electricity. The 
molten salt recirculates to the central tower for reheating. An Important 
advantage of this approach is that the salt retains heat for a long time, 


Figure 19.27 

A solar thermal electric generation unit. 
A pipe containing synthetic oil is posi- 
tioned along a mirror-coated trough. 
Sunlight hitting the mirror is reflected 
onto the pipe and heats the oil to 
370°C. The hot oil is then pumped out 
and used to convert water to steam in 
a turbine in an electric power plant. 
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Hands-On Chemistry: Solar Pool Cover 


Which type of cover best keeps the water in a swimming pool warm? 
Companies claim their “solar pool covers“ increase the water temperature 
by as much as 10 C° above the average outdoor temperature. What is the 
best material from which to make a solar pool cover? Perform this simple 
activity to find out. 


What You Need 


Six identical soup bowls, aluminum foil, colorless plastic food wrap, color- 
less plastic bubble wrap, black plastic garbage bag, liquid detergent, 
kitchen thermometer : 


Procedure 


Œ) Cut one piece of aluminum foil, food wrap, bubble wrap, and 
garbage bag into a circle that completely cover the top of a bowl, 
with 1 centimeter or so of overhandg. 


) Set all six bowls outside in the sun (preferably before noon), and 
fill each with tap water to the brim. Measure and record the tem- 
perature in each bow. 


(8) Cover one bowl with the aluminum foil (shiny side up), one with 
the food wrap, one with the bubble wrap (bubble side down), and 
one with the black garbage bag. Add several drops of liquid deter- 
gent to the fifth bowl, and dont do anything to the sixth bowl, 
which is your control. 


(4) The temperature of the water will rise as the bowls sit in the sun, 
but because of the different covers, the temperature increase will 
vary from bowl to bowl. Guess which water will be warmest at the 
end of the experiment, which will be second warmest, and so on. 


®) Allow the bowls to sỉt in the sun for at least 4 hours. (Good results 
can also be obtained with skies that are lightly overcast.) Take 
temperature readings every half hour. Stir the water with the ther- 
mometer before taking a reading, and always rinse the ther- 
mometer after dipping it into the detergent-containing water. 
Record your data. 


@) Plot your data on a graph showing temperature on the vertical 
axis and time on the horizontal axis. Alternatively, develop a bar 
graph showing the rise in temperature of the water in each bowl 
Over time. 


which allows for the production of electricity even after the sun has set or 
during periods ofinclement weather. Figure 19.28 shows the frst commer- 
clal central-tower solar thermal energy plant installed in the United States. 
Locared in Barstow, California, it started operating in 1996 and generates 
about 100 megawatts of electricity. 
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Wind Power ls Cheap 


ÑWind power 1s currently the cheapest form of direct solar energy. This ¡s 
due, in part, to 1ts smplicity—wind blows on a wind turbine, and the rota- 
tion o£ the turbine blades generates electricity. Most of the early develop- 
ment of wind power took place in California during the 1980s as a result 
of favorable tax Incentives. Many of these early wind machines were not rig- 
orously tested prior to construction because they were mereÌy tax writeoffs. 
Thịs led to many failures and a marring of the industry5S reputatlon. Costs 
were also higher than expected because there was little standardizing of pro- 
cedures and a lack of experience in mass production. Today, most of these 
problems have been resolved, and the reliability, performance, and cost of 
wind power have all been improved, as the graph of Figure 19.29 shows. In 
regions where wind speed averages 13 miles per hour, for cxample, the 
Operating cost of wind-generated electricity now stands at about 5 cents per 
kilowatt-hour, which ¡s equal to the operating cost of electricity from con- 
ventional sources such as coal. 
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Figure 19.28 

The Solar lÌ power plant near Barstow, 
California. The central tower is more 
than 70 meters tall, and the sun- 
tracking mirrors cover a land area 

of about eight acres. 


Figure 19.29 

Wind is free, but building and main- 
taining the wind turbines that convert 
wind energy to electrical energy is not. 
Over the past 20 years, the reliability 
and efficiency of wind turbines have 
improved, resulting in dramaticalÌy 
lower costs for electricity produced 
from wind power. 
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Figure 19.30 

About 4000 wind turbines at the 
Tehachapi site in southern California 
supply 626 megawatts of electricity. 


Figure 19.31 
Most of the U.S. wind potential is in the 
Great Plains region. 


In 1999, the worldwide installed capacity 
for wind energy totaled about 13,400 mega- 
watts, up dramatically from the worldwide 
1990 total of only 2000 megawatts. Ín the 
United States, the 1999 installed capacity was 
about 2400 megawatts, of which 1600 mega- 
watts originated ¡in California. A California 
installation ¡s shown in Figure 19.30. The pro- 
duction ¡in other states is expected to rise 
quickly, however, because many new wind 
proJects are currently under development. As 
1s shown In Eipure 19.31, most of the wind 
resources In the United States are concen- 
trated ¡in the northern Great Plains, where 
more than 10 percent of the nations electric- 
ity needs could be met using existine wind 
technology. Most of the wind-rich states of the Great Plains could poten- 
tially exceed their demand for electricity and either export the excess or 
use ¡t to create hydrogen fuel through the electrolysis of water. 

[mproved technology that optimizes the capture of wind energy can 
bring the cost of wind-generated electricity down to about 3.5 cents per 
kilowatt-hour. New technologies include improved turbine aerodynamics, 
a microprocessor to control the turbine, and the introduction of variable- 
speed turbines that allow optimal blade speeds under a variety of wind con- 
ditlons. Extended turbine life-spans of 20 to 30 years will also help with 
maintenance costs. 

The major drawback to wind energy ¡s aesthetic: wind turbines are 
noisy, and many people do not want to see them on the landscape. These 
objections need to be weighed against the beneft of reduced dependence 
on fossil fuels and the idea that ¡f people are endeared to the classic wind- 
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mills of Holland, then perhaps these new-age windmills might aÏso one day 
be looked upon as an attractive sign of prosperity. Fortunately, much of the 
wind-rich land in the United States is farmland, and wind power and agri- 
cultural activities are compatible. At the Altamont wind farms in Califor- 
nia, ranchers lost only about 5 percent of their grazing area. Their land 
prices, however, quadrupled because of royalties they received from wind 
Power companies using their land. 

For people who purchase small wind turbines for their home, such as the 
one pictured in Figure 19.32, unused electricity causes their electric meter 
to run backwardsl As this happens, the wind-generated electricity becomes 
available for other people connected to the same grid. By law, utility com- 
panIes are required to either purchase this electricity from the turbine owner 
or provide credit on hs or her electric bill. Ín thís way, the turbine owner is 
able to “bank” the energy collected on windy days for use on days when the 
wind speed is too low. 


Concept Check v 


What do fossil fuels have in common with the various forms of direct solar 
energy just discussed? 


Was this YOUf anSWeF? They all originate with the sun. 


Photovoltaics Convert Sunlight Directly to Electricity 


Photovoltaic cells are the most direct way of converting sunlight to elec- 
trical energy. Since their invention in the 1950s, photovoltaics have made 
remarkable strides. The first major application was in the 1960s with the 
U.S§. space program—space satellites carried photovoltaic cells to power 
radios and other small electronic devices. Photovoltaics gained further 
momentum during the energy crisis of the mid-1970s. The cost oÊ photo- 
voltaic electricity dropped from $60 per kilowatt-hour in 1970 to $1 per 
kilowatt-hour in 1980 to about 20 cents per kilowatt-hour ¡in 2000. 
Worldwide, sales have grown from less than $2 million in 1275 to more 
than $1 billion in 2000. More than a billion handheld calculators, several 
million watches, several million portable lights and battery chargers, and 
thousands of remote communications facilities are all powered by photo- 
voltaic cells. As Figure 19.33 on page 648 illustrates, the range Of theIr use- 
fulness is huge. 

Photovoltaics ofer many advantages. Because they need minimal 
maintenance and no water, they are welÏ suited to remote or arid reglons. 
They can operate on any scale, from multiwatt portable electronic gear to 
multimegawatt power plants covering millions OÊ square meters. Photo- 
voltaic technology is progressing rapidly and ¡s on the verge of beIng cost- 
competitive with fossil and nuclear fucls. | 

Conventional photovoltaic cells are made from thin slabs of ultrapure 
silicon. The four valence electrons in a silicon atom allow for four sinple 
bonds to four adjacent silicon atoms, as shown In Figure 19.34a. Thịs 
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Figure 19.32 

Chiidren play near a 250-kilowatt wind 
turbine that provides electricity for ele- 
mentary schools in Spirit Lake, lowa. 
The turbine produces more power than 
the schools use, and the school district 
sells the excess to the local utility. 
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Figure 19.33 

Photovoltaic cells come in many sizes, 
from those in a handheld calculator to 
those in a rooftop unit that provides 
electricity to a house. 


configuration can be changed by incorporating trace amounts of other ele- 
ments that have either more or fewer than four valence electrons. Arsenic 
atoms, for example, have five valence electrons each, also shown in EFigure 
19.34a. Within the silicon lattice, four of these arsenic electrons participate 
in bonding with four silicon atoms, but the fifth electron remains free. This 
1s 7-/Ø/2£ s//2cøw, so called because of the presence of free 7egative charges 
(electrons) broupht in by the arsenic. Boron atoms, on the other hand, have 
only three valence electrons, represented in FEigure 19.34b. Incorporating 
boron into a silicon crystal lattice creates “electron holes,” which are bond- 
¡ng sites where electrons should be but are not. Thịs is 2-/2£ s//7/0w, so 
called because any passing electron is attracted to this hole as though the 
hole were a øositive charge. 

What happens when a sÏice of z-type silicon is pressed against a sÏice of 
?-pe siicon? Remember that the #-type contains free electrons, and the 
Ø-type contains electron holes just waiting to attract any available electrons. 
Sure enough, electrons migrate across the junction from the #type to the 
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Figure 19.34 

(a) The four valence electrons in a silicon atom can form four bonds. The fifth valence electron 
Of arsenic is unable to participate in bonding in the silicon lattice and so remains free. Silicon 
that contains trace amounts of arsenic (or any other element whose atoms hawe five valence 
electrons) is called n-type silicon. (b) Boron has only three valence electrons for bonding with 
four silicon atoms. One boron-silicon pair therefore lacks an electron for covalent bonding. Sili- 
con containing trace amounts of boron (or any other element whose atoms have three valance 
electrons) is called p-type silicon. 
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Free electrons in n-type 
slice repelled by negative 
charge at junction. 


_n-Ïype n-Type 


p-Type — p-Type 
(a) (b) 


Ø-type, as shown ¡in Figure 19.35a. This occurs onÌy up to a certain point, 
however, because losing or gaining electrons upsets the electron-to-proton 
balance. As the ø-type silicon loses electrons, it develops a positive charge 
on its side of the junction. As the 2-type silicon gains electrons, it develops 
a negative charge. Thịs charge buildup at the junction serves as a barrier to 
continued electron migration, as Figure 19.35b illustrates. 

Photovoltaic cells rely on the photoelectric efect, which ¡s the ability 
of light to knock electrons away from the atoms in an object. Ín most mate- 
rials, the electrons either are completely ejected from the object or simpÌy 
fall back to their original positions. In a select number of materlals, how- 
ever, including silicon, dislodged electrons roam about randomly in and 
among neighboring atoms without being locked into any one place, as rep- 
resented in Eigure 19.36. However, z2 electron motion 1s not an elec- 
tríc current because for every one electron moving to the left, there ¡s 
another canceling that motion by moving to the right. Greater random 
motion simply means higpher temperatures. This is why solar energy shin- 
ing onto a piece of silicon produces nothing more than heat. 

Once charge builds up, a junction barrier between a slice of z-type si- 
icon and a slice of 2-type, such as the one drawn in Eigure 19.35b, ís uni- 
directional. This means that electrons knocked loose in the Z-type sÌice are 
inhibited (by the negative charges in the /-type slice) from migrating across 
the Jjunction to the Ø-type slice, but electrons knocked loose ¡n the ø-type 
slice (by solar energy) are drawn into the ø-type slice by their attractlon for 
the positive charges in the ø-type slice. As Figure 19.37 shows, a complete 
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Figure 19.35 

(a) Initially, free electrons migrate from 
the n-type silicon to the p-type silicon. 
(b) After a while, charge buildup at the 
junction prevents the continued flow 
of electrons. 


Sunlight 
1 


Figure 19.36 

The photoelectric effect in silicon. 
Light rays knock out bonding elec- 
trons, which are free to travel about 
the crystal lattice. 


Figure 19.37 

Sunlight is converted to electrical 
energy as it pushes electrons through 
the external wire from the n-type sili- 
con to the ø-type silicon. 
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electric circuit can be made by connecting a wire to the outside faces of the 
two slices of silicon. When lipht hits either slice, dislodged electrons are 
forced by the junction barrier to move in one direction: from the Z-type 
slice through the wire to the ø-type slice and back again across the Junction 
to the #-type slice. This way, rather than being transformed to heat, energy 
from sunlipht is transformed to electricity. 


Concept Check v 


One wafer of n-type silicon and one wafer of p-type are pressed together, 
with no wire connecting the outside faces. An initial flow of electrons from 
n-type to p-type results in a charge buildup at the junction. What happens 
to this charge buildup as light shines on the n-type wafer: does it increase, 
decrease, or stay the same? 


Was this Y0uf añSWeFT? The number of free electrons in the n-type silicon is greatly increased 
because the light knocks electrons out of their atoms. An electric “pressure” thus pushes more electrons 
through the barrier to the electron holes in the p-type wafer. This results in an even greater charge 
buildup at the junction, which makes the migration of additional electrons even more difficult.When the 
light is turned off, the charge buildup drops back to its normal level. 


The goal o£ the photovoltaic industry is to create a cell that ¡s highly 
eficient, Inexpensive to manufacture, and easily mass-produced. Tradi- 
tional photovoltaic cells manufactured from ultrapure crystalline silicon 
yield eficiencies as high as 15 percent, which is good. However, the great 
cost of producing ultrapure crystalline silicon prevents these cells from 
being cost-competitive. Although great strides have been made in the past 
20 years, electricity from these cells still remains three to four times more 
expensive than electricity from conventional sources. 

Perhaps the most promising area of photovoltaic research involves thin- 
HÌm photovoltaic cells. These cells are not produced from expensive crys- 
talline silicon. Rather, they are formed as vaporized silicon or some other 
photovoltaic material is deposited on a glass or metal substrate. The result- 
¡ng fiÌms are about 400 times thinner than traditional silicon wafers, which 
saves In material costs. Furthermore, the fÍms are easy to mass-produce. 


98 Our Future Economy Should Be Based on Hydrogen 


One of the most ideal fuels is hydrogen, Hạ. By weight, hydrogen packs 
more energy than any other fuel, wh¡ch is why ït is used to launch Space- 
craft. lt is readily produced from the electrolysis of water, and the elec- 
trolysis equipment can be driven by solar-derived electricity. In this Way, 
hydrogen provides a convenient means oỂ storing solar energy. 

Hydrogen burns very cleanly, producing almost nothing but water 
vapor. The vapor can be used to drive a gas turbine for the production of 
electricity. The waste heat can be used either for industrial PUTPOS€S or to 
warm buildings. The water that condenses from the turbine can be used 
for agriculture or human consumption, or it can be recycled for the prO- 
duction of more hydrogen. 


19.8 Our Future Economy Should Be Based on Hydrogen 


Because it is a gas, hydrogen ¡s easily transported through pipeÌines. In 
fact, pumping hydrogen through pipelines is more energy-efficient than 
transmitting electricity through power lines. Thus, hydrogen facilities could 
be located in regions where production ¡s cheapest—desert regions for solar 
thermal and photovoltaics, windy regions for wind turbines, and molst 
regions for biomass—and then transported to meet the energy needs of dis- 
tant communities. 

Hydrogen can even be used as a fuel for automobiles, as shown in Fig- 
ure 19.38. Porous metal alloys have been developed that absorb large quan- 
tities of hydrogen gas. Pressing the gas pedal oFa car powered by hydrogen 
fuel sends a warming electric current to the alloy, which is housed in the gas 
tank. As the alloy heats up, it releases hydrogen, which powers either an 
internal combustion engine or an electricity-producing fuel cell. Gas sta- 
tions o£ the future may truly be ø⁄s statlonsl 


Concept Check v 


- Why does the combustion of hydrogen produce no carbon dioxide? 


Was this Yy0Uf answef? There is no carbon with which to form carbon dioxidel Hydrogen is an 
ideal fuel that when burned produces almost nothing but water vapor——no carbon dioxide, no carbon 


monoxide, and no particulate matter. 


Fuel Cells Produce Electricity from Fuel 


As Secton 11.3 discussed, the most efficient way to produce clectricity 
from hydrogen, or any other fuel, is with a ƒ¿/ ce/l. Utilities could produce 
megawatts of electricity by stacking fuel cells. Present-day fuel cells have an 


Figure 19.38 

A hydrogen-powered test vehicle 
developed by BMW. The exhaust 

consists primarily of water vapor. 
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Figure 19.39 

An electric current from a photovoltaic 
cell is passed through a pair of sub- 
merged electrodes, only one of which 
is shown here. While hydrogen forms at 
one electrode (shown), oxygen forms 
at the other (not shown). 


efficlency of about 60 percent, which ¡s well above the 34 percent cfficiency 
of a typical coal-fired power plant. Interestinply enouph, one potential 
source of hydrogen ¡s coal, which when treated with hiph-pressure steam 
and oxygen produces hydrogen gas and methane gas. Burning these gases 
in a gas turbine results in a coal-to-electricity efficiency as hiph as 42 per- 
cent. If the gases are first run throuph electricity-producing fuel cells, the 
efficlency is even hipher. Meanwhile, because the coal ¡is not burned 
directly, fewer pollutants are released into the environment. 


Photovoltaic Cells Can Be Used to Produce Hydrogen from Water 


The cleanest and most abundant source of hydrogen on our pÏanet is water. 
Creating hydrogen from water ¡is an energy-Intensive process, however, best 
done using electrolysis, a technique discussed in Section 11.3. Ideally, the 
electrical energy required to create hydrogen from water could be provided 
by a solar-driven photovoltaic cell. The electricity generated by the cell is 
then directed to a second cell, where water is electrolytically cleaved to pro- 
duce hydrogen, as shown in Figure 19.39. 

Over the past several years, there has been great progress toward the 
realizatlon ofa commercially feasible solar-energy-to-hydrogen system. For 
such a system, the efficiency at which the solar energy is converted to 
hydrogen needs to be at least 20 percent. Initial systems had efficiencies of 
no more than 6 percent. One of the main hurdles was developing a photo- 
voltaic system optimized for 1.23 volts, which ¡s the voltage needed for the 
hydrolysis of water. Such a system was developed by 1998 and provided an 
cficlency of 12.4 percent. By 2000, researchers were reporting an efficiency 
of 18.3 percent. With newer technologies now under development, these 
rescarchers are predicting that efficiencies on the order of 30 percent may 
soon be realized. When this level of efficiency is attained, our dependence 
on fossil fuels may be dramatically reduced. 


In Perspective 


The U.S. Department of Energy projects that by 2010, our country will 
necd 200,000 megawatts of new electricity-generating capacity. Further- 
more, nearly a quarter ofall U.S. facilities that generate electric power will 
need major renovations, overhauls, or replacement by that time. Thịs T€D- 
rcsents a grand opportunity for the development of sustainable energy 
sources. Even greater opportunities exist in developing nations, where there 
are more than 2 billion people without electricity and many more to come 
with rapid population growth. An estimated $1 trillion wilÍ be spent in the 
next few years to bring electric power to these people. Immediate choices 
made about where that energy comes from and how it is produced will 
affect the environment for a long, long tỉme to come. 

All regions of the world will beneft from energy conservation, which 
¡s the natural partner of sustainable energy. Conservation measures can be 
quite effective, as was demonstrated after the world oil embargo imposed 
by the Organization of Petroleum Exporting Countries (OPEC) in 1973. 
From the start of this embargo until 1986, energy consumption ¡n the 
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Table 19.1 


HH, -Ắ.Ắ.—.ằĂ-.-.ằ.-..———————=. “5-1... .. 


The World Increasing Energy Needs 


World Population Energy per Total Power 
Year (billions) x Person (MW) = Consumed (MW) 
2000 6.2 x 0.003 = 19 million 
2050 10.0 < 0.003 = 30 million 
10.0 x 0.0075 = 75 million 
2100 159 x 0.003 = 45 million 
1510) x 


0.0075 = 112 million 


United States remained constant as a result of increased efficiencies, while 
the economy grew by 30 percent. Some people argue that we are cÌose to 
our limit in terms of conservation measures. Others argue that with new 
tcchnologles and materials we have only scratched the surface. Super- 
insulated buildings now require onÌy one-tenth as much heating In winter 
and cooling in summer. Hybrid combustion-electric vehicles can now 
drive more than 40 kilometers on 1 liter of gasoline and 25 kilowatts of 
battery power—this corresponds to about 100 miles per gallon! Replace a 
single 75-watt Incandescent bulb with an 18-watt Ñuorescent one that Ìasts 
10,000 hours, and over that 10,000 hoursabout l year—youd save the 
electricity that a typical U.S. power plant would make from 350 kilograms 
of coal or 250 liters of oil. As a result, about 730 kilograms of carbon diox- 
¡de would not be released into the atmosphere. 

Our energy needs are increasing primarily because of our Increasing 
population, as shown ¡in Table 19.1, which assumes an acceptable stan- 
dard of living can be had at 0.003 megawatt per person. CQn average, 
however, the 1.2 billion individuals of developed nations consume about 
0.0075 megawatt per person. [f conservation measures are not set In place 
and if the far greater number oŸ individuals in developing natlons are 
brought up to 0.0075 megawatt per person, then the world will use 75 
million megawatts in 2050 and 112 million megawatts in 2100, six tỉmes 
the amount consumecd ¡n 2000. 

As hard as controlling population growth may be, ít is likely to be cas- 
ier than providing increasing numbers of people with energy, food, water, 
and much else. 

Thomas Jefferson described revolution as an extraordinary event neces- 
sary to enable all ordinary events to continue. Ifa decent standard of living 
for all human beings is to be held as ordinary, what we need ¡s nothing short 
of an energy revolution. The days of our using nonrenewable fuels are num- 
bered. The sooner we make the necessary transitions, the better. 
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Key Terms and Matching Definitions 


biomass 

coal 

kilowatt-hour 
natural gas 
petroleum 
photoelectric effect 
pPOWer 

watt 


1. The rate at which energy is expended. 

2. A unit for measuring power, equal to 1 joule of 
energy expended per second. 

3. The amount of energy consumed in 1 hour at a 
rate of I kilowatt. 

4. A solid consisting ofa tightly bound network 
of hydrocarbon chains and rings. 

5. _A liquid mixture of loosely held hydrocarbon 
molecules containing not more than 30 carbon 
atoms cach. 

6. AÁ mixture of methane plus small amounts of 

ethane and propane. 

. Á general term for plant material. 

- The ability of light to knock electrons out of 


atOíms. 


®œ ¬‡ 


Review Questlons 
Electricity ls a Convenient Form of Energy 
1. What does an electric current generate? 


2. What does an electrical wire moving throuph a 
magnetic field generate 


3. Is electricity a source of energy? 


4. Nhats a watt? 


Fossil Fuels Are a Widely Used 
but Limited Energy Source 


2. Why are fossil fuels such a popular energy 


r€sOUrce? 
6. Why 1s coal considered the filthiest fossil fuel? 


7. How does a scrubber remove noxious ØaS€OUS 
efHuents created in the combustion o£ coal? 


8. Can coal be converted to cleaner-burning fuels? 
9. Why is petroleum so convenient to use? 


10. What ¡s the prime component of natural gas? 


There Are Two Forms of Nuclear Energy 


11. Why has the number of operating nuclear Ís- 
sion plants in the nited States decreased over 
the past two decades? 


12. For about how long must a ñssion plant be 
operating before. the initial ñnancial investments 


are paid off? 


13. What are the advantages of having smaller 
fission reactors that produce on the order of 
155 to 600 megawatts of power? 


lá. Why was most of the radiation from the Cher- 
nobyl meltdown released into the environment? 


15. What 1s the source of fuel for nuclear fusion? 


16. What are the two methods being explored for 
extracting energy from nuclear fusion? 


What Are Sustainable Energy Sources? 


17. What defnes an energy source as sustainable? 


Water Can Be Used to Generate Electricity 
18. What does the acronym OTEC stand for? 


19. Why ¡s Hawaii particularly well suited for gen- 
erating electricity using OTEC technology? 


20. Why are hydrothermal vents often quite 
smelly? 


21. How are tides used to generate electricity? 


Biomass ls Chemical Energy 
22. In what sense is biomass a form of solar energy? 


23. Which has a higher octane rating, ethyl alcohol 


or gasoline? 
24. Why is methanol also called wood alcohol? 


25. What country named in this chapter currently 
Øenerates most of irs fuel from biomass? 


26. What is the most efficient way to convert bio- 
mass to electricity? 


Energy Can Be Harnessed from Sunlight 
27. Why are solar water heaters painted black? 


28. How can solar heat be stored for later use? 


29. Describe two technologies used to convert solar 
heat to electricity. 


340. What is a major drawback of wind power? 


31. How does blending arsenic atoms into a sample 
Of silicon increase the silicon§s ability to conduct 
electricity? 


32. How 1s ø-type silicon made? 


33. What happens when a slice of z-type silicon is 
Joined to a slice of ø-type silicon? 


34. Lipht shining on a slab of pure silicon dislodges 
electrons from the silicon atoms. What happens 
to these electrons? 


35. When you have ?ø-type silicon and #ztype silicon 
JoIined together, why dont electrons dislodged 
by light in the Z-type cross the junction barrier 
and enter the 2-type? 


Our Future Economy Should Be Based on Hydrogen 
36. Why ¡s hydrogen such an ideal fuel? 
37. How might cars one day store hydrogen fuel? 


38. How are fuel cells different from batteries? 


In Perspective 


39. What ¡s the natural partner of sustainable 
energy? 


40. In what type of nations will there be the 
Øreatest IICT€2aS€S 1n energy us€ in the next 
few decades? 


Hands-On Chemistry Insights 
Solar Pool Cover 


Evaporation accounts for a significant amount of 
heat loss om a swimming pool. Therefore Just 
about any covering that inhibits evaporation wIll 
help keep a pool warm. Thịs explains why the water 
covered by aluminum foil gets warmer despite the 
fact that the aluminum refects incoming solar radi- 
ation. As discussed ¡in Chapter 8, detergents form 
a thin layer on the surface of Wat€t. Thịs layer 
inhibits evaporation enough to allow the water In 
the bowl treated with detergent to become slightly 
warmer than the uncovered control bowl. Some 
commercial “liquid solar blankets” are nothing more 


End of Chapter Review and Exercises 655 


than nonfoaming detergents that when added to the 
swtmming pool inhibit evaporation and thus cut 
down on heat loss. 

You know that black vinyÌ car seats get hotter in 
the sun than do white vinyÏ seats. Did you then assume 
that the black covering would result in the warmest 
water? You may have poked your ñnger into the water 
samples to sense the temperature differences. You may 
have noticed that the water under the black plastic was 
markedly warmer at the top of the bowl than at the 
bottom. (Thịs is true of the water in the other bowls, 
but the effect ¡s not as pronounced.) Althoueh it is truc 
that the black plastic gets the warmest of all the cover- 
Ings, remember that its the 2z you Want to get 
warm, not the plastic. The temperature gradient results 
because only the water directly below the black plastic 
gets warmed—that is, Its the plastic that heats the 
water and not the sun. 

Transparent covers tend to work best because 
they both inhibit evaporation and allow the sunlipht 
to heat the water directly. Thus your highest temper- 
atures should have been for the food wrap and the 
bubble wrap. The food wrap allows the most lipht to 
pass through, which explains why the water beneath 
it tends to reach the hiphest temperature. After the 
sun øoes down, however, the bubble wrap serves as a 
better insulator, maintaining a higher temperature 
over a longer period. 


ExerCIses 


1. Why are gas turbines more efficlent at generat- 
¡ng electricity than steam turbines? 


2. Why are airplanes fown by the power of elec- 
tricity rather than the power of gasoline fuel so 
impractical? 


3. How can fossil Riels be considered a form of 
solar enerey? 


4. Why is ¡it impractical to burn any fuel in such a 
way that no nitrogen oxides are Íormed as com- 
bustion products? 


5. Why does burning natural gas produce Ìess 
carbon dioxide than burning either petroleum 
or coal? Hint: Consider the chemical formulas 
of the compounds making up these materials. 


6. What are some advantages of deriving energy 
from nuclear fission? 
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WWhy would a ñssion control substance that 
loses neutron-absorbing power as its tempera- 
ture increases be dangerous? 


.- Why are countries teaming up to develop 


nuclear fusion energy? 


. In 1973 the Organization of Petroleum 


Exporting Countries stopped exporting 
thetr oil for a time. What effect do you 
suppose this embargo had on the nuclear 
Power industry? 


Ís it possible for a nuclear ñssion power plant to 
blow up like an atomic bomb: 


hat are some advantages of deriving energy 
from nuclear fusion? 


Why 1s tin a countrys best national security 
Interests to Iinvest ín sustainable energy 
SOUFC€S? 


Why do many environmental groups oppose 
building more hydroelectric dams when these 
dams produce virtually no chemical pollutants 
as they create electrlc power? 


At atmospheric pressure, water has a boiling 
point too hịgh to allow ít to be used as the 
turbine-pushing fluid in an OTEC electric gen- 
erator. How mipht the generator be modifed to 
overcome this problem? How mipht such a 
modification allow for the production of fresh 
Water Írom seawater? 


How 1s ít that here on the Earth we can derive 
energy from the moon, which ¡s 400,000 kilo- 
meters away? 


. Nhat are some disadvantages of producing 


ethanol by fermenting food biomass? 


.- How does a #øsø2z pool cover Increase the 


eficiency of a pool heater? 


- Nhat ¡s the utility of south-facing windows in 


northern cÏimates? 


. Suggest how solar energy mipht help destroy 


pathogens in drinking water. 


. How might solar heat be used to Øenerate 


colder temperatures? 


. In the simpliRed electric generator shown here, 


a pOoWer source is needed at either point A or 


point B. Where could cach of the following 


power sources be uscd, at A or at B: 


naturaÌ gas 


wind = 


nuclear fusion 
hydroelectric 


coal 


P222, 


Ti 


24. 


25 


26. 


How 1s the Junction barrier between ø-type and 
?-tpe sillicon much like a one-way valve? 


In an operating photovoltaic cell, electrons 
move through the external circuit to the nega- 
tively charged ?-type silicon wafer. How can the 
electrons move to the negatively charged silicon 
when they themselves are negatively charged? 
Dont like signs repel cach other? 


WWhat are some major advantages o using sea- 
water to produce hydrogen from electrolysis? 


A disadvantage of tidal power is that electricity 
1s generated only when tides are coming in or 
going out. How might a tidal electric power 
plant be outfrted so as to be able to provide a 
continuous supply of electricity? 


What ifƒ Mars were inhabitable by humans 

and we had developed the technology to trans- 
port and settle half the worlds population 
there? Át present birth rates, how long would 
1t be before we were faced with not one but 
two world populations o£6 billion? (Hint: See 
THIG 19.1.) 


Problems 


1. 


How mụch money would you save per hour by 
replacing a 100-watt incandescent light bulb 
with an cqually bright 20-watt Ñuorescent buÏb? 
Assume the cost for electricity to be 15 cents 
per kilowatt-hour. 


Answers to Calculation Corner 
Kilowatt-Hours 


Step1 Toral enerey consumed ¡n kilowatt-hours: 


(10 bulbs)(0.100 kÑ/bulb)(10 h) = 10 kWh 


Step2_ Cost of consuming this much energy: 


(10 kWh)(15/kWh) = 150đ = $1.50 


Discusslon TopIcs 


1. Why mipht some people consider it a blessing 
In disguise that fossil fuels are such a limited 
resource? Centurles from now, what attitudes 
on the combustion of fossil fuels are our descen- 
đants likely to have? 


2. The 1986 accident at Chernobyl, in which 
dozens of people died and thousands more were 
exposed to radiation that mipht lead to cancer 
in the future, caused fear and outrage world- 
wide and led some people to call for the closing 
of all nuclear plants. Yet many people choose to 
smoke cigarettes in spite of the fact that 2 miÌ- 
lion people die every year from smokking-related 
diseases. The risks posed by nuclear power 
plants are involuntary, risks we must all share 
like it or not, whereas the risks associated with 
smoking are voluntary because a person chooses 
to smoke. Why are we so unaccepting of invol- 
untary risk but accepting of voluntary risk: 


3. Lithuania is more dependent on nuclear power 
than any other country ¡n the world. lts two 
1500-megawatt reactors produce more than 80 
percent of the countrys electricity. The reactors, 
however, are the same design as the unit that 
caused the Chernobyl disaster. With both reac- 
tors working, Lithuania can produce aÌlmost twlce 

-as much energy as its domestic demand, allowing 
the country to sell the excess to other nations. lÝ 
one unit were shut down, however, the country 
would have to import electricity at a cost of $4 
billion a year. A 1998 study determined that 
Lithuanias older reactor can no longer operate 
safely. Without foreign aid to assist with the cost 
o£ importing electricity once this obsolete plant 1s 
shut down, Lithuania intends to operate both 
facilities for at least 15 more years. What should 
be done and at whose expense? 
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Exploring Further 


http://www.iea.org 
The International Energy Agency was set up 
in 1974 to Íocus on issues of energy seCurIty, 
especially oil security, but is today more con- 
cerned with how energy production and use 
can be reconciled with the preservatlon of our 
natural environment. An excellent site for 
obtaining up-to-date statistics on worldwide 
energy consumption. 


http://wwwofe.er.doe.gov 
Home page for the U.S. Fusion Energy ScI- 
ences Propram, whose mission ¡s to acquIre 
the knowledge base needed for an economi- 
cally and environmenrally attractive fusion 
energy source. Many useful links to world- 
wide fusion proJects are included. 


http://www.crest.org/index.html 
Solstice, the Center for Renewable Energy and 
Sustainable Technologies, is an on-line resource 
for sustainable-energy Information. 


http://www.rw.doe.gov/homejava/homejava.htm 
The Offce of Civilian Radioactive Ñaste 
Management was established in 1982 to 
develop and manage a federal system for 
disposing of spent nuclear fuel from defense 
activities. Its at this Web site that you]l ñnd 
the official position of the U.S. government 
regarding Yucca Mounrain as a potential 
nucÌear waste re€DOSItOFY. 


http://www.iaea.org 
The International Atomic Energy Âgency Is 
the worlds central intergovernmental forum 
for scientifc and technical cooperation in the 
nuclear field and the international inspectorate 
for nuclear safeguards. 


http://www.awea.org 
Home page for the American Wind Energy 
Association. Since 1974, this organization has 
advocated the development o£ wind energy 
as a reliable, environmentally superlor energy 
alternative. 


http:/⁄/www.nrel.gov 
Home page of the National Renewable Energy 
Laboratory, run by the U.S. Department of 
Energy. 


Appendix A 


ScIentific Notation Is Used to 
Express Large and Small Numbers 


Ín science, we often encounter very large and very small numbers. Writ- 
ten In standard decimal notation, these numbers can be cumbersome. 
There are, for example, about 33,460,000,000,000,000,000,000 water 
molecules in a thimbleful of water, cach having a mass of about 
0.00000000000000000000002991 gram. To represent such numbers, 
scientists often use a mathematical shorthand called scientifc notation. 
Nritten ín this notation, the number of molecules in a thimbleful of 
water is 3.346 X 102”, and the mass of a sinple molecule ¡is 2.991 X 
10~22 pgram. 

To understand how this shorthand notation works, consider the large 
number 50,000,000. Mathematically this number ¡s equal to 5 muluplied 
by 10 X 10 X 10 X 10 X 10 X 10 X 10 (check this out on your calcula- 
tor). We can abbreviate this chain of numbers by writing all the 10s ¡n 
exponential form, which gives us the scientifc notaion 5 X 107. (Note 
that 107 ¡s the same as 10 X 10 X 10 X 10 X 10 X 10 X 10. Table A.1 
shows the exponential form of some other large and small numbers.) Like- 
wise, the small number 0.0005 ¡s mathematically equal to 5 divided 10 X 
10 X 10 X 10, which ¡s 5/10. Because dividing by a number is exactly 
equivalent to multiplying by the reciprocal of that number, 5/ 10Ý can be 
written in the form 5 X 10~Ý, and so in scientifc notation 0.0005 becomes 
5 x 10~ (note the negative exponent). 

All scientifc notation ¡s written ¡in the general form 


` 1. 


where € called the cøeƒffe2zz, ¡sa number between l and 9.999... and 
is the xpø£z/. A positive exponent indicates a number greater than Ì, 
and a negative exponent indicates a number between 0 and 1 (zø¿a num- 


ber less than 0). 


A1 


A2 Appendix Ä_ scientiñc Notation Is Used to Express Large and Small Numbers 


Table A.1 
Decimai and Exponential Notations 


1000000 = 10X10X10X10X10X10=10° 
100,000 =_ 10 X 10 X 10 X 10 x 10 = 105 
HDJUDOO —= TỦ X10x ÌD < [0 107 

TUUD = 0000 <l0 10 
IÒC TÚ I0 10 
ID 10 ¡0 
¡I ñ=]1 
U11. =@1/10= 10a! 
ĐI 700022100) — J0 
000165 100 X10. 1010 
0100 = 17/10 < 1) < J0 10 C10”. 
600001 = 1/7/10 < 10 xT0X10 x 1Ø In” 
0.000001 =_ 1/(10X 10x 10 10 xX 10 X 10) = 10~56 


Numbers less than 0 are indicated by putting a negative sign ø/öz£ #Øe 
cocƒJc/ezz (not in the exponent): 


Decimail Scientific 
notation notation 
Large positive number 
(greater than ]) 6,000,000,000 6 x 103 
Small positive number 
(between 0 and l) 0.0006 6X ng. 
Large negative number 
(less than —]) —6,000,000,000 —6 Xx 10 
Small negative number 
(between — 1 and 0) —0.0006 —6 X 104 


Table A.2 shows scientifc notation used to express some of the physi- 
cal data often used ¡n science. 


Table A.2 

Number of molecules in thimbleful of water 3.346 x 1022 

Mass of water molecule 2.991 x 10-23 gram 
Average radius of hydrogen atom 5 x 10~†! meter 

Proton mass 1.6726 x 10-2” kiloògram 
Neutron mass 1.6749 x 10~27 kilogram 
Electron mass 9.1094 x 10-3! kilogram 
Electron charge 1.602 X 101 coulomb 
Avogadrơs number 6.022 X 1033 particles 
Atomic mass unit 1.661 X 10~2 gram 


—————————————__—___—_—__—___—_______ 


To change a decimal number that is greater than F1 or less than —I 
to scientilc notation, you shift the decimal point to the left until you 
arrive at a number between 1 and 9.999... For decimal numbers 


Appendix Â_ scentinc Notation Is Used to Express Large and Small Numbers A3 


Detwcen T1 and —1, you move the decimal point to the right until you 
arrive at a number between 1 and 9.999... This number is the coefR- 
clent part of the notation. The exponent part is simply the number of 
places you moved the decimal point. For example, to convert the decimal 
number 45,000 to scientifc notation, move the decimal point four places 
to the left to get a number between 1 and 9.999... : 


13000 “45x⁄10' 
#1.) VÀ ky 


in" | 


The number 0.00045, on the other hand, is converted to scientifc notation 
by moving the decimal point four places to the right to arrive at a number 


between 1 and 9,.999...„,: 


Note that because you moved the decimal point to the ripht in this case, 
you must put a minus sign on the exponent. 


Your Turn 

Express the following exponentials as decimal numbers: 

"Ni" lỤ” bộ lỈ bề JUUc ca <10 

Express the following decimal numbers in scientilc notation: 
d. 740,000 e. —0.00354 £ 15 


Were these yOUT afISW€FS? a. 00000001 b. 100,000,000 c. 880,000 d. 74x 105 
e. —354X10-3  f 1.5 101 
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SIgntficant Figures Are Used to 
Show Which Digits Have 
Experimental Meaning 


Two kinds of numbers are used in science—those that are c0 øz 
defn¿Z and those that are 7⁄£2sz2. There is a great difference between a 
counted or deined number and a measured number. The exact value of a 
counrted or deined number can be stated, but the exact value ofa measured 
number can never be stated. 

You can count the number of chairs in your cÏassroom, the number of 
ñngers on your hand, or the number of quarters in your pocket with 
absolute certatnty. Thus counted numbers are not subject to error (unless, of 
COUS€, yOu Count wrong). 

Defñned numbers are about exact relationships and are defined as being 
true. The deñned number of centimeters in a meter, the defned number of 
seconds in an hour, and the deined number of sides on a square are exam- 
ples. Thus deRned numbers also are not subject to error (unÏess you forget 
a defnition). 

Every measured number, however, no matter how carefulÌy mea- 
sured, has some degree of cz/2/z/y. This uncertainty (or 7227672 øƒ` 
£rrø) in a measurement can be illustrated by the two metersticks 
shown in Eigure B.1. Both sticks are being used to measure the 
length of a table. Assuming that the zero end of each meterstick has 
been carefully and accurately positioned at the left end of the table, 
how long ¡s the table? 

The upper meterstick has a scale marked ofẨ in centimeter inter- 
vals. Using this scale, you can say with certainty that the length 1s 
between 51 and 52 centimeters. You can say further that it ¡s cÌoser 
to 51 centimeters than to 52 centimeters; you can even csttmafe It to 
be 51.2 centimeters. 

The scale on the lower meterstick has more subdivisions—and there- 
fore greater precision—because ít is marked offin millimeters. With this 
scale, you can say that the length ¡s definitely between 51.2 and 51.3 
centimeters, and you can estimate ¡t to be 51.25 centimeters. 
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Figure B.1 


A6 Appendix B_ 5ignifñcant Figures Are Used to Show Which Digits Have Experimental Meaning 


, 


Good precision 
but 
DOOF accuracy 


Poor precision 
and 
pOOF accuracy 


Good precision 
and 
good accuracy 


Figure B.2 

Archery as a model for understanding 
the difference between precision and 
accuracy. Precision means close agree- 
ment in a group of measured numbers; 
đCcuracy means a measured value that 
is very close to the true value of what 
is being measured. lf you measure the 
same thing several times and get num- 
bers that are close to one another but 
are far from the true value (perhaps 
because your measuring device is not 
Wworking properly), your measurements 
are precise but not accurate. 


Note how both readings contain some digits that are c7, and one 
digit (the last one) that is Z2. Note also that the uncertainty ¡n the 
reading from the lower meterstick is less than the uncertainty in the read- 
¡ng from the upper meterstick. The lower meterstick can give a reading to 
the hundredths place, but the upper one can give a reading only to the 
tenths place. The lower one is more Øz£e/ than the top one. So, In any 
measured number, the digits tell us the 7gz/2£ of the measurement and 
the location of the decimal point tells us the 2z£c/z72z of the measurement. 
(Figure B.2 illustrates the distinction between ø7£¿/7øz and 2ec/?4€).) 

Significant fñgures are the digits in any measurcd value that are 
known with certainty plus one ñnal digit that ¡s estimated and hence 
uncertain. [hese are the digits that refect the precision of the instrument 
used to generate the number. They are the digits that have experimental 
meaning. The measurement 51.2 centimeters made with the upper meter- 
suck in Figure B.l, for example, has three sipniRcant figures, and the 
measurement 51.25 centimeters made with the lower meterstick has four 
sieniicant figures. The riphtmost digit is always an estimated digit, and 
only one estimated digit 1s ever recorded for a measurement. Ít would be 
Incorrect to report 51.253 centimeters as the length measured with the 
lower meterstick. Thịs ñve-significant-fpure value has two estimated dig- 
1ts (the ñnal 5 and 3) and is incorrect because it indicates a Ø7£c/s707? greater 
than the meterstick can obtain. 

Here are some standard rules for writing and using signifcant fgures. 


Rule1 In numbers that do not contain zeros, all the digits are signiicant: 


4.1327 five sipnificant ñgures 
5.14 three signiicant fñigures 
369 three sieniRcant ñgures 


Rule2 All zeros between signifcant digits are significant: 


8.052 four signifcant ñgures 
7Á0°)5) four signifcant ñgures 
306 three sipniRcant fñgures 


Rule 5 Zeros to the left of the frst nonzero digit serve only to Ñx the 
position o£ the decimal point and are not signifcant: 


0.0068 two significant fñpures 
0.0427 three sipnificant fñigures 
0.0003506 four sipnificant fgures 


Rule 4 In a number that contains digits to the right of the decimal 
point, zeros to the ripht of the last nonzero digit are significant: 


210 three significant fñgures 
53.00 four signiRcant figures 
0.00200 three significant fñgures 


0.70050 five sipnificant ñgures 
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Rule 5 In a number that has no decimal point and that ends in one or 
more Zeros, the zeros that end the number are not significant: 


3600 two sipnificant fñgures 
290 tWO sIgniiicant fñigures 
5,000,000 one significant ñgure 
10 one significant ñgure 
6050 three significant figures 


Rule6  When a number is expressed in scientifc notation, all digits in 
the coefficient are taken to be sienificant: 


4.6 X 10-2 two significant figures 
4.60 X 105 three sipniRcant fñgures 
2)1619)9/9.901(0)85 four signiRcant fgures 
j7 lÚs2 one sieniRcant ñgure 
30x10 2 two significant Ígures 
100 < 10 2 three signiicant fgures 

Your Turn 

How many significant fñgures in 

a. 43,384 

b. 43,084 

c. 0.004308 

d. 43,084.0 

e. 43,000 

f 4.30 X 10 


Were these y0UT asWeFS? a.5 b5 c4 d.6 e.2 f.3 


In addition to the rules cited above, there ¡s another full set of rules to 
be followed for signifcant ñgures when two or more measured numbers are 
subtracted, added, divided, or multiplied. These rules are summarized in 
the appendix of the Cøzcep£al Cbemidry Laboratory MÍanwAl. 


A7 


Appendix C 


Solutions to Odd-Numbered 
ExercIses and Problems 


Chapter 1 


1. The Exercises are designed to allow you to work 
with the concepts you learned by reading the 
chapter and answering the Review Questions. 
[f you have not already learned the concepts, 
you will have a most diffcult time with the 
Exercises, which are the types of questions often 
found on exams. To benefit most from the Exer- 
CIses, either wrIte out your answers or, better 
yet, explain your answers to a friend. 

‹- Biology ¡s based on the principles of chemistry 
applied to living organisms, and chemistry 1s 
based on the principles of physics applied to 
atoms and molecules. Physics ¡s the study of the 
fundamental rules of nature, which more often 
than not are simple in design and readily 
described by mathematical formulas. Thus biol- 
ogy is based on both chemistry z⁄/physics and 
so can be considered the most complex sclence 
of the threc. 

5, A good scientist must change his or her mind 
whenever experimenral results disprove a previ- 
ously held belief. Holding on to hypotheses and 
theories that are either not testable or have been 
shown to be wrong is contrary to the spirit of 
SCIence. 

7. A hypothesis is a testable assumption often used 
to explain an observed phenomenon. A theory Is 
a single comprehensive idea that can be used ro 
explain a broad range of phenomena. 

. Thịs is not unusual at all. As discussed in the 
answer to Exercise 3, there is much overlap 
among the sciences. Whereas Baker 1s Inrer- 
ested in how the chemical produced by the sea 
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butterfy may be used for some human pur- 
pose, McClintock is interested in how the 

sea butterfy uses this chemical for self-defense. 
Here we see two different approaches to the 
same phenomenon. Studying the system 
together allows these researchers both to pool 
their research resources and to learn from 

cach other. 

If all the material came from the soil, you would 
expect a laree hole to develop in the dirt around 
the plant. Also, If the pÌant were grown In a pot, 
the mass of the soil in the pot should be greater 
when the plant 1s young than when the plant 1s 
older. 

The volume of the car and its average density 
change. 


. Yes, an obJect can have mass without having 


weipht. This can occur deep ¡n space, where a 
foating obJect (which has mass) is “weiphtless.” 
In order to have weight, however, the obJect 
must have mass. So an objJect cannot have 
weight without having mass. 

The mass of a 6-kilogram object is 6 kiloprams 
on the moon, on the Earth, and anyplace elsel 
Mass ¡s always independent of pravIty. 


. Yes, a 2-kilogram Iron brick has twice the mass 


ofa I-kilogram block of wood. Volume, how- 

ever, Is a different story. Because the density of 
iron is much øreater than the density of wood, 
the I-kilogram wood block occupies more vol- 
ume than the 2-kilogram Iron brick. 


. Yes, your body wilÌ possess energy after you die, 


in the form of chemical potential energy. If you 
are cremated, however, the amounrt of this chem- 
ical potential energy ¡is reduced substantially. 
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Glass contracts when cooled and expands when 
warmed. Therefore you should ñÏÏ the Inner 
glass with cold water while running hot water 
over the outer glass. 

The swimming pool has much more toral 
energy. lo understand this difference In the 
amounts of energy in the two bodies of water, 
consider what your electric utility bill would 

be after heating them to their respective 
t€mD€ratur€s. 

At 25°C, there is a certain amount of energy 
possessed by cach submicroscopic particle of a 
material. If the attractlons between particles are 
not very strong, the energy cach particle has 
may allow the particles to sebarate from one 
another and exist in the øaseous phase. If the 
attractlons are strong, the energy may not be 
enough to overcome these attractions and keep 
the particles far away from one another, and so 
they may be held together in the solid phase. 
You can assume, therefore, that the attractions 
among the submicroscopic particles ofa mate- 
rial that 1s a solid at 25” are stronger than the 
particle-to-particle attractions In a material that 
1s a gas at this temperature. 

The different spacings between particles in the 
left box tell you two phases are present. he 
very regular stacking of particles on the left indi- 
cates a solid, and so this 1s probably a solid/liq- 
uid combination. laking heat away causes the 
liquid to freeze so that only solid 1s present, and 
that 1s representcd in the middle box—note the 
regular stacking of particles. Adding heat causes 
the solid to melt so that only liquid is present, 
represented in the ripht box. If these particles 
represent water molecules, the box on the left 
Tepresents Ice melting, which occurs at 0°C. 
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Density 1s the ratio ofa materials mass to Its 
volume. Because the mass stays the same but 
the volume decreases, the density of the gas 
InCT€AS€S. 

Box a represents the hiphest density because It 
has the preatest number of particles packed ¡in 
the given volume. Because the particles in this 
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box are packed close together but randomly 
oriented, this box represents a liquid. Box c 
represents the øaseous phase, which occurs at 
higher temperatures. This box therefore repre- 
sents the hiphest temperature. For most materI- 
als, the solid phase is denser than the liquid 
phase. For the material represented here, how- 
ever, the liquid phase (box a) ¡s denser than the 
solid phase (box b). As we explore further In 
Chapter 8, this ¡s exactly the case for water—— 
the solid phase (ice) ¡s less dense than the liquid 
phase (iquid water). 


Problems 


lỆ 


1. Multply by the conversion factor to arrive at 
the answer: 


130 lbx ....-Ö = vì ‹ 
2.205 Ib 


3. Multiply by the conversion Íactor to arrive at 
the answer: 


1J 


230,000 cal X————— 
0.239 cal 


= 960,000 J 


5. Divide the mass by the volume it displaces to 
arrive at the density: 


HẠS '7..- 


volunme 4.l6mL 


density = = 12.6 g/ímL 


EFrom Table 1.3, you see that this value is sub- 
stantially less than the density of pure gold, 
which ¡s 19.3 g/mL,. This evidence indicates 
that the piece 1s far from pure. 


That this process is reversible sugøests a physical 
change. Äs you sÌeep ¡in a reclined position, pres- 
sure is taken off the discs in your spinal column, 
and the reduced pressure allows the discs to 
expand so that you are signiRcantly taller in the 
morning. Astronauts returning from extended 
space visits may be up to 2 inches taller than 
they were at launch time. 

In the left box, each particle is made up of 

one atom of one kind and one atom of another 
kind, but ïn the ripht box, each particle is made 
up of two identical atoms. This difference tells 


| 
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you that the particles split apart during the 
transformation and came together in different 
combinations, which means a chemical change. 
The change from A to B represents a physical 
change because no new types of molecules are 
formed. The collection of blue/red molecules 
on the bottom of B represents these molecules 
in either the liquid or the solid phase after hav- 
¡ng been in the gaseous phase in A. This phase 
change means there must have been a decrease 
1n temperature. At this lower temperature, the 
red/red molecules are still in the gaseous phase, 
which means that they have a lower boiling 
point than the blue/red molecules. 

The oldest known elements are the ones that 
have atomic symbols that dot match their 
modern atomic names. Examples include iron, 
Fe; gold, Au; and copper, Cu. 

A percentage Is converted to a fraction by 
dividing by 100. To ñnd 50 percent of some- 
thing, for example, you multiply that some- 
thing by 50/100 = 0.50. Thus 0.0001 percent 
1s equal to the fraction 0.000001, which when 
multiplied by 1 X 102“ equals 1 < 1018, Thịs 
1s certainly a lot of impurity molecules in your 
Ølass of water. [he number of water molecules, 
however, far exceeds this number (see ExerciIse 
10), and so these impurity molecules are not a 
problem. As an analogy, consider that there 
were about 12 billion pennies minted ¡in 1990. 
Thịs ¡s certainly a lot of pennies, but they are 
nonetheless relatively rare In general circulation 
because the total number of pennies in circula- 
tion is far greater——on the order of 300 billion. 


. Study the answer to Exercise 9 to make a strong 


case that this sample of water 1s ultra-ultrapurel 
Table salt (sodium chloride), compound because 
made of two elements bonded together. Stainless 
steel, mixture because made of elements (iron 
and carbon) not bonded together. lap water, 
mixture of dihydrogen oxide pÏus impurities. 
Table sugar, compound made of one substance— 
sucrose. Vanilla extract, mixture of water, aÌco- 
hol, and favor molecules. Butter, mixture of fat, 
water, and miÌk solids. Maple syrup, mixture of 
water and maple sugar. Aluminum, element. Íce, 
compound (HO) in pure form, mixture when 
made om impure tap water. Milk, mixture of 
water and milk solids. Cherry-ffavored cough 
drops, mixture o£ sugar and flavoring. 

Element, C; compound, B; mixture of an eÌe- 
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ment and compound, A. There are three 

types of molecules shown: one made of two 
large atoms, one made of two small atoms, and 
one made of one large atom and one small 
atom. 

The atoms in a compound are chemically 
bonded together and do not come apart during 
a physical change. The components oFa mix- 
ture, however, can be separated from one 
another by physical means. 

Taking advantage of differences in chemical 
properties means you have to make the compo- 
nents of the mixture undergo chemical change. 
During chemical change, at least one compo- 
nent changes its Identity. Thus, you may have 
separated the component, but now ït is some- 
thing else, which means you need to make it 
undergo a second chemical change to convert 
It back to what It was. This can be an energy- 
Intensive and time-intensive process that ¡s 
mụch Ìless eflicient than a separation based on 
differences in physical properties. 

Based on Its location in the periodic table, 
you know that galllum, Ga, is more metallic 
than germanium, Ge. This means that gallium 
should be a better conductor of electricity. 
Gallium chips should therefore operate faster 
than germanium chips. (Gallium has a low 
melting point of 30°C, which makes its use In 
the manufacture o£ computer chips Impracti- 
cal. Mixtures of gallium and arsenic, however, 
have found great use in the manufacture of 
ultrafast, though relatively expensive, computer 
chips.) 

Helium ¡s placed at the far right of the periodic 
table, in group 18, because it has physical and 
chemical properties similar to those of the other 
elements of group I8. 

Calcium is readily absorbed by the body for 
the building of bones. Because calclium and 
strontium are In the same group of the perI- 
odic table, they have similar physical and 
chemical properties. [he body therefore has a 
hard time distinguishing between the two, and 
strontium ¡s absorbed Just as though It were 
calcium. 

The iron can be separated based on a difference 
in physical properties. Lhe iron particles are 
attracted to a magnet, but the pieces of cereal 
are not. Iry this with your next box of iron- 
fortiied cereal. 
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The cat leaves a trail of molecules across the 
yard. These molecules leave the ground and mix 
with the air, where they enter the dogS nose, 
activating the sense of smell. 


.- The atoms in the baby are just as old as those in 


the elderly person—all appreciably older than 
the solar system. 


. You are a part of every person around you in the 


sense that you are composed of atoms that at 
One time were part of not onÌy every person 
around you but also every person who ever lived 
on the Earthl 

Lavolsier ø0serZ that tin gained mass as It 
decomposed into a gray powder and 4s£2zZ how 
that could happen. He Óyøø/0øs/zeZ that the tin 
gained mass because ¡t absorbed something from 
the air. He then øz¿e#£đ that If he could keep 
track of air volume as this reaction took place, 
he would ñnd a change in air volume. He /&/eZ 
his prediction by heating a piece of tin foating 
on a wood block enclosed by a glass container. 
After observing that the volume of air surround- 
¡ng the tin decreased by 20 percent, Lavoisier 
££or¡zeđ that 20 percent of the air is made of a 
Øaseous compound that reacts with tin. 

Oxygen and hydrogen react in an 8:1 ratio by 
mass to form water. Thus, l gram of hydrogen 
always reacts with onÌy 8 grams of oxygen (no 
more and no Ìess). ]f the amount of oxygen 
available were 10 prams, only 8 prams of this 

10 grams would react with I gram of hydro- 
Øen—2 grams of oxygen would be left over. 
WWhen they react, the l pgram of hydrogen and 

8 prams o£ oxygen form a combined mass of 

9 prams oÊ water. 

Both were ripht. Proust saw oxygen and hydro- 
gen react in an 8:l rato by Zss, and Gay- 
Lussac saw them react in a l:2 ratio by øø”. 
Iron metal consists only of iron atoms, Fe. Rust 
1s a compound of iron and oxygen (iron oxide, 
Fe;Oa). So a sample of iron weiphs more after it 
rusts because It has gained the weight of oxygen 
atoms. Be sure to recognize that the parts of the 
sample that have rusted are no longer iron. 
Rather, those parts are now iron oxide. 


15. Avogadro correctly assumed that cqual volumes 


OÊ oxygen gas and water vapor contain equal 
numbers of particles. To account for the fact 
that the volume o£ oxygen has more mass than 
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the volume of water vapor, Avogadro hypothe- 
sized that each particle of oxygen gas consists of 
two oxygen atoms bound together into a single 
unit that we know today as an oxygen molecule, 
O¿. With two oxygen atoms per particle, a vol- 
ume of oxygen gas Is more massive than an 
equal volume of water vapor, which has only 
one oxygen atom per particle (along with two 
lightweight hydrogen atom$). 

For the first reaction, the box on the far ripht 
should show the same thing as the box adJacent 
to i—ten HC]I molecules. Each box contains 
36.5 grams of HCI. For the second reaction, 
there is insufficient hydrogen to react with all 
the chlorine. Thus only 36.5 grams of hydrogen 
chloride forms. The box on the far right should 
show the five unreacted Cl; molecules. Their 
combined mass is 35.5 grams. 

Throughout the development of modern 
chemistry, there were numerous instances 
where Investigators clung tiphtÌy to the ideas 
of the past. One example presented ¡in this 
chapter was the reluctance of Dalton and other 
early chemists to accept Avogadros hypothesis 
of the diatomic nature of oxygen and hydro- 
gen. Ihere are many other examples that the 
text didnt have the time to go into. Boyle, 

for example, held on:to Artistotles notion 

that there was onÌy one form of matter and 
that this “one form” took on different “quali- 
ties” to make up the materials around us. 
Priestley refused to believe Lavoisiers expla- 
nation that his new gas was a new elemenr 
absorbed by materials as they burned. Instead, 
Priestley used the ideas o£ his predecessors in 
stating that the “new air” he had generated was 
a form of air that lacked an “essence” that 
materials z£/e2s£ as they burn. Fire burned 
briphter in hs air because ít rapidly absorbed 
this essence as the essence was released by the 
burning material. 

The youngest was Gay-Lussac, who in 1808 at 
the age of 30 showed that gases react in defnite 
volume ratios. More significantly, you should 
recogn1ze that most of these investigators were 
in their 30s at the time o£ their noted scientifc 
contribution (average age about 37). Thus it is 
In sclence that a DersonS greatest contributions 
typically are made when she or he is young and 
not yet fully established in a field. Fresh ideas 
come from fresh mindb. 
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TẾ the particles had a greater charge, they would 
be bent more because the deflecting force is 
directly proportional to the charge. (If the parti- 
cles were more massive, they would be bent less 
by the magnetic force——obeying the law of 
Inertia.) 

The neon sign is a fancy cathode ray tube, 
which means that the ray of light is the result 
of the fow of electrons through the tube. 

A magnet held up to these Ñowing electrons 
alters their path, which shows up as a distortion 
of the lipht ray. 

The one on the far ripht, where the nucleus ¡s 
not visible. 

The resulting nucleus would be that of arsenic, 
which 1s polsonousl 

The iron atom is electrically neutral when it has 
26 electrons to balance its 26 protons. 
Carbon-13 atoms have more mass than carbon- 
12 atoms. Because of this, a given mass Of car- 
bon-13 contains fewer atoms than the same 
mass of carbon-12. Look at it this way——golf 
balls have more mass than Ping-Pong balls. So, 
which contains more balls: I1 kilopgram of golf 
balls or 1 kilogram of Ping-Pong balls? Because 
Ping-Pong balls are so mụuch lighter, you need 
many more of them to get 1 kilogram. 


Problems 
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Eight grams of oxygen wilÏ react with only 1 
gram of hydrogen to produce 8 + | = 9 grams 
of water. Because only l gram of the hydrogen 
reacts, there Is 8 — ] = 7 grams of hydrogen 
left over. 

Fraction of 
Abundance 


0.446 
6.495 


Mass 
(amu) 


6.0151 X 0.0742 = 
5Ú 100) 00) )0 — 


Mass of 0Lï 
Mass of ”Li 


6.941 amu 
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Any radioactive sample is always a little warmer 
than its surroundings because the radiating 
alpha or beta particles impart heat energy to the 
atoms. (Interestingly enough, the heat energy of 
the Earth originates from the radioactive decay 
of the Earths core and surrounding material.) 
Alpha and beta particles are defected in oppo- 


site direcdons in a magnetic feld because they 
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are oppositely chareed—alpha positive and beta 
negative. Gamma rays have no electric charge 
and are therefore undefected. 

Alpha radiation decreases the atomic number o£ 
the emitting element by 2 and the mass number 
by 4. Beta radiation increases the atomic num- 
ber by 1 and does not affect the mass number. 
Gamma radiation does not affect either atomic 
number or mass number. So alpha radiation 
results in the greatest change both in atomic 
number and in mass number. 

Only gamma rays are able to penetrate the metal 
hull of an atrplane. Flipht crews are required to 
limit their Ẩying time so as to minimize the 
potential harm caused by the significant 
amounts of radiation present at híph altitudes. 
Recall from the text that mercly two round-trip 
Rights from New York to California expose each 
human in the plane to about as much radiation 
as a chest X ray. 

Alpha particles are much bigger than beta parti- 
cles, which makes alphas less able to pass 
throuph the “pores” of materials. The smaller 
beta particles are therefore more effective In 
penetrating materials. 

To decay to one-sixteenth the original amount 
will take four half-lives, which in this case 
equals 120 years. 

\When radium (atomic number 88) emits an 
alpha particle, its atomic number decreases by 
2, and so the resulting nucleus ¡s radon (atomic 
number 86). The alpha decay causes the mass 
number of the radium to decrease by 4. Because 
the radium here Is the isotope radium-226, the 
radon Isotope must have mass number 222, 
which means Its atomic mass is 222 atomic 
mass unIts. 


. An element can decay to one that has a higher 


atomic number by emitting an electron (beta 
particle). When this happens, a neutron 
becomes a proton and the atomic number 
Increases by l. 

The EarthS natural energy that heats the water 
in the hot spring is the energy of radioactive 
decay, which keeps the Earths Interior molten. 
Radioactivity heats the water but doesnt make 
the water radioactive. The warmth of hot 
springs is one of the nicer effects of radioactive 
decay. You and your friend will most likely 
encounter more radioactivity from the granite 
outcroppings o£ the foothills than you would 
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encounter near a nuclear power plant. Further- 
more, at hiph altitude yoưll both be exposed to 
increased cosmic radiation. However, these radi- 
atlons are not appreciably diferent from the 
radiaton you would encounter in the “safest” 
Of situations. The probability of dying from 
somcthing or other ¡s 100 percent, and so in the 
meantime you and your friend should enjJoy lifel 
Although there ¡s sgniicantly more radloactiv- 
ity In a nuclear power plant than ¡n a coal-fired 
plant, the absence o£ shielding ¡n the coal plant 
results In more radioactivity in the environment 
around the coal plant. All nuclear plants are 
shielded; coal plants are not. 

Radioactive decay rates are statistical averages of 
large numbers of decaying atoms. Because of the 
relatively short half-life of carbon-lá, onÌy trace 
amounts would be left after 50,000 years——too 
little to be statistically meaningful. 

At 3:00 PM., there will be 1/8 gram left. 

At 6:00 PM., 1/64 gram left. At 10:00 PM., 
1/1024 gram left. 

A neutron makes a better “bullet” for penetrat- 
¡ng atomic nuclei because it has no electric 
charge and is therefore not deflected from Its 
path by electrical Interactions, nor 1s it electri- 
cally repelled by the nuclei. 

Plutonium has a short half-life (24,360 years) 
relative to the age of the Earth (about 4 billion 
years), and so any plutonium initially in the 
Earths crust has long since decayed. The same 
1s true for any heavier elements that have even 
shorter half-lives and mipht have been the ele- 
ments that decayed to pÏutonium. Trace 
amounrts of plutonium can occur naturally in 
uranium-238 deposits, however, as a result of 
neutron capture. [he neutron capture changes 
uranium-238 to uranium-239, which then beta 
đecays to neptunium-239. The neptunium-239 
then beta decays to plutonium-239. (Thhere are 
elements in the Earth5 crust with half-lives 
shorter than plutoniums, but these are the 
products of uranium decay and fall between 
uranium and lead ¡in the periodic table.) 
Because fissionable plutonium-239 ¡s formed 

as the uranium-238 absorbs neutrons from the 
Ññssioning uranium-235. 

1o predict the energy release of a nuclear reac- 
tion, the physicist needs to know the difference 
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between the average mass per nucleon for the 
beginning nucleus and the average mass per 
nucleon for the products formed ¡n the reaction 
(either fssion or fusion). This mass difference 
(called the 7z2ss Z2ƒ/c? can be found from the 
curve of Figure 4.31 or from a table of nucÌear 
masses. The physicist then multiplies this mass 
difference by the speed of light squared to deter- 
mine the energy released——E = 7Ÿ. 

Ifa uranium nucleus split into three equal-size 
fragmenrs, cach would be smaller than If the 
nucleus split into.only two fragments. The 
smaller fragments would have lower atomic 
numbers, more toward iron on the graph of Fig- 
ure 4.29. The resulting mass per nucleon would 
be less, which means more mass was converted 
to energy and so more energy was released. 
Such speculation could ñill volumes. The energy 
and material abundance that are the expected 
outcome of a fusion age will likely prompt sev- 
eral fundamental changes. OQbvious changes 
would occur in the felds of economics and 
commerce, which would be geared to relative 
abundance rather than scarcity. Qur present 
price system, which is geared to and in many 
ways dependent on scarcity, often malfunctions 
in an enviroament of abundance. Hence we see 
Instances where scarcity ¡s created to keep the 
economic system functioning. Change at the 
International level will likely include worldwide 
economic reform, and change at the personal 
level mipht mean a re-evaluation of the idea that 
scarcity ought to be the basis of value. A fusion 
age will likely see changes that will touch every 
facet of our way of Hife. 


Chapter 5 
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Atoms are smaller than the wavelengths of visi- 
ble light and hence not 22/2 in the true sense 
of the word. We can, however, measure the sur- 
face topography of a collection of atoms by 
scanning an electric current back and forth 
across the surface. A computer can then assem- 
ble the data from such scanning into an image 
that reveals how the atoms are arranged on the 
surface. It would be more appropriate to say 
that with the scanning tunneling microscope 
we ƒ££Ïatoms rather than s¿e them. 
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Many objects or systems can be described Just 
as wcll by a physical model as by a conceptual 
model. In general, a physical model is used to 
replicate an object on some convenient scale, A 
conceptual model is used to represent abstract 
Ideas or to demonstrate how a system behaves. 
Of the examples given ¡n the exercise, the fol- 
lowing are best described by a physical modkl: 
brain, solar system, stranger, gold coin, car 
cngine, and virus. The following are best 
described by a conceptual model: mind, birth 
O£ universe, best friend (whose complex behav- 
1or you have some understanding of), dollar bill 
(which represents wealth but ¡s really only a 
pIece of paper), spread of a sexualÌy transmitted 
diseasc. 


- The one electron can be boosted to many 


energy levels and can therefore make many com- 
binations of transitions to lower levels. Each 
transition 1s of a specIlc energy and accompa- 
nied by the emission ofa photon o£a specific 
frequency. Thus the variety of spectral lines. 


. The sum of the energies of the Írequiencies emit- 


ted during the two-step transitlon must equal 
the energy of the frequency emitted during the 
On€-step transition. 


- Blue lipht has a hipher frequency than red light. 


Therefore the blue light comes from the greater 
€nerøy transition. 

An electron not restricted to particular energy 
levels would release light continuousÌy as It spI- 
raled closer in toward the nucleus. A broad spec- 
trum of colors would be observed rather than 
distinct lines. 

Ít takes øø Ø⁄e at aÏ for the transition to OCCUT; 
Ít is Instantaneous. The electron is 7z found 
between two orbitals. 

Because of the electrons wave nature, ¡tr would 
be better to say that the electron exists in both 
lobes at the same time. 

Electrons ordinarily fill lower orbitals before 
entering higher ones. The electron confÑgurarlon 
for carbon shown on the right, 1;22;!2ø, shows 
that one of the 2: electrons has been boosted to 
a (higher-energy) 2ø orbiral. Thís coniguration 
therefore represents the øreater amount of 
©nergy. 

Lowest energy 1s72s72ø2, highest energy 
1021-20 292 
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Sodium,Na Rubidium,Rb 


Chlorine, CÌ 


Krypton, Kr 


An orbital is just a reglon of space In which an 
electron of a given energy resides. This repion of 
space exIsts with or without the electron. The 
same logic applies to a shell, which 1s just a col- 
lection of orbitals of similar energy levels. The 
space defned by the shell exists whether or not 
an electron ¡s to be found there. 

Neons outermost occupied shell ¡s ñlled to 
capacity with electrons. Any additional electrons 
would have to occupy che next shelÏ out, which 
has an efective nuclear charge oÊ zero. 

An electron in the outermost occupIed shell of 
sodium experiences the greatest effective nuclear 
charge. The streneth of the electric force dimin- 
Ishes with increasing distance, and the outer- 
most sodium electron is closer to the nucleus 
than are the outermost electrons of the other 
atoms discussed in the Exercise. 

PBh=sn=a. 1L 

Potasstum has one electron ¡n its outermost 
occupied shell, which ¡s the fourth shell. The 
effective nuclear charge feÌt by the electron In 
this shell ¡s relatively weak († 1), and so this 
electron ¡s readily lost. HÝ the atom were to Ìose 

a second electron, that electron would need to 
come from the next shelÏ inward (the third 
shell), where the effective nuclear charge 1s much 
stronger (+9). Thus, it is very dificult to puÌÏ a 
second electron away from the potassium atom 
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because this electron ¡s being held so tiphtly by 
this much greater effective nuclear charge. 

Note that cach shell has been divided into a 
serles of ñner shells known as s⁄0s2£/š. Each 
subshell contains onÌy one type of orbital. In 
the seventh shell, for instance, working ¡n order 
Of increasing energy levels, the ñrst (Innermost) 
subshell, indicated by the digit 2 in the ripht- 
most stack of numbers in the drawing, is for 
the 2 electrons of the 7z orbital. The second 
subshell of the seventh shell ¡s for the 14 elec- 
trons o£ the seven 5/orbitals, the third subshell 
1s for the 10 electrons of the ñve 62 orbitals, 
and the fourth subshell is for the 6 electrons 

of the three 7ø orbitals. Gallium ¡s larger than 
zinc because gallium has an electron in cach of 
the three subshells of the fourth shell, whereas 
zinc has an electron only in each of the ñrst 
two inner subshells of the fourth shell. What 
you see here is a relnement of the model pre- 
sented in Section 5.7. Dont worry about fully 
understanding this reinement, however. Rather, 
1t is more important that you understand that 
all conceptual models are subject to reinement. 
Wc choose whatever level of relnement best 
SuIfs our needs in a given situation. 
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Thịs is an example ofa chemical change involv- 
Iing the formation of ions, which are different 
from the neutral atoms from which the Ions are 
made. 


. The nuclear charge experienced by an electron 


in sodiums third shelÏ ¡s not strong enouph to 
hold this many electrons. As was discussed in 
Chapter 5, this is because there are 10 inner- 
shell electrons shielding any third-shell electron 
from the +11 nucleus. The effective nuclear 
charge in the third shell ¡s therefore about +1, 
which means that the shell ¡s able to hold only 
one electron. 


Ẻ BaaN;. 


. There ¡is no more room available in Its outer- 


most occupied shell. 


. The hydrogen atom has only one electron to 


share. 

There ¡s a gradual change. You can determine 
which type of bond ¡s likely by noting relative 
positlons in the periodic table. If the elements 
forming a bond are close together in the peri- 
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odic table and toward the upper right of the 
table, the bond ¡s more covalent. If the elements 
are on opposite sides of the periodic table, the 
bond is more ionic. For elements between these 
two extremes, the bonding tends to be a blend, 
referred to as a 22/27 cø2/eø/ bond. 

When bonded to an atom that has low elec- 
tronegativity, such as any group I element, the 
nonmetallic atom pulls the bonding electrons so 
close to itself that an ion is formed. 

The chemical formula for phosphine 1s PHa, 
which ¡s similar to the formula for ammonia, 
NH¿. Note how phosphorus is directly below 
nitrogen in the periodic table. 


CC ch 0 


:O:O: 

H 
There are four substituents and no nonbonding 
pAIrs around the central atom. Therefore the 
shape of this molecule ¡s the same as the geome- 
try: tetrahedral. 
The source of an atom$s electronesativity is the 
posituve charge of the nucleus. More specifically, 
1t 1s the effective nuclear charge experienced in 
the shell the bonding electrons are occupying. 
The least symmetrical molecule: =C=S. 
N=N<=NÑ)"= 6:5... 
Ñater 1s a polar molecule because the dipoles in 
the HO molecule do not cancel. Polar molecules 
tend to stick to one another, which gives rise to 
relatively hiph boiling points. Methane is a non- 
polar molecule because of its symmetry, wh¡ch 
results in no net dipole in the molecule and a rel- 
atively low boiling point. The boiling points of 
water and methane are infuenced only a little by 
molecular mass but a great deal by the degree of 
Intermolecular attraction in each liquid. 
The greater the polarity of the molecules of a sub- 
stance, the hipher the boiling point of the sub- 
stance. (a) [he compound with the two chỈorines 
on the same side of the molecule is more polar 
and thus has the higher boiling point. (b) The 
SCO molecule, with a carbon atom flanked by a 
sulfur atom and an oxygen atom, is less symmetri- 
cal, which means that the dipoles in ít do not can- 
cel as well as those in the symmetrical carbon 
dioxide molecule, CO,, do. The SCO therefore 
has the higher boiling point. (c) The chỈorine 
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atoms have a relatively strong electronegativity 
that pulls electrons away from the carbon. In the 
COC], molecule, this tug by the chlorine atoms is 
counreracted by a relatively strong tug by the oxy- 
gen atom, which tends to decrease the polarity of 
this molecule. The hydrogens of the C;H;C1, 
molecule have an electronegativity that is less than 
that of carbon, and so they assist the chỈorine 
atoms in allowing electrons to be yanked toward 
the CÍ side of the molecule, which means this 
molecule is more polar than COC],;. The 
C;H2C]; therefore has the hipher boiling point. 


Chapter 7 


1. lon-dipole attractions are stronger because the 


11. 


magnitude of the electric charge associated with 
an ion 1s much greater than the magnitude of 
the charge associated with a dipole. 


- t stlcks to itself by way ofinduced dipole—- 


induced dipole attractions between molecules. 


. The boiling points go up because of an increase 


¡in the number of molecule-to-molecule Interac- 
tions. The boiling point ofa substance refers to a 
pure sample of that substance. The boiling point 
of 1-pentanol (the third molecule in the Ïist) is 
relatively hiph because I-pentanol molecules are 
very strongly attracted to one another (by 
induced dipole-induced dipole, dipole-dipole, 
and dipole-induced dipole attractions). Solubil- 
ity refers to how welÏ a substance Interacts with a 
second substance——in this case, water. Water 1s 
much less attracted to I-pentanol molecules 
because most ofa I-pentanol molecule is non- 
polar (the only polar portion is the -OH group). 
For this reason, l-pentanol is not very soluble in 
water. Put yourself in the position of a water 
molecule and ask yourself how stronglÌy you are 
attracted to a methanol molecule (the fñrst mole- 
cule in the Ïist) compared to how strongly you 


are attracted to a pentanol molecule. 


Nitrogen atoms are bigger than helium atoms, 
and so nitrogen molecules should be more solu- 
ble in water because of more possibilities for 
dipole-induced dipole attractlons. 


. The helium ¡s less soluble than nitrogen in body 


fuids, and so less of ít dissolves at a given pF€s- 
sure. Upon decompression, there is less helium 

to “bubble out and cause potential harm. 

One way is to add more sugar and se If it dis- 

solves. Ifit does, the solution was not saturated. 
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Alternatively, cool the solution a couple of 
degrees and see If any sugar precipitates out. 

[f any does, the solution was saturated. Because 
sugar Íorms supersaturated solutions so easily, 
however, neither of these methods is foolproof. 
The sodium nitrate solution is more concen- 
trated (85 grams/milliliter versus only about 

38 grams/milliliter for the sodium chloride 
solution). 


. Ässuming concentration Is given as mass (or 


moles) of solute in a given volume of solution, 
the concentration decreases with increasing tem- 
perature because you have the same mass of 
solute as before but dissolved ¡in a larger volume 
Of solvent. 

Eor a given substance, molecule polarity has 

a far greater infuence on boiling point than 
does molecule mass. Recall that boiling involves 
separating the molecules of a liquid from one 
another. (The more polar the molecules, the 
more “sticky” they are and hence the higher the 
boiling point.) The extra neutron in deuterium 
does not affect the chemical bonding ¡in the 
D;O molecule, which means that DO has the 
same chemical structure as H;O. WWi¡th the same 
chemrcal structure, these two molecules have 
about cqual polarity, making their boiling points 
very close: 100°C for H;O and 101°€ for D;O. 
The extra mass of the deuterium has only a 
small afect on boiling point. 

Although oxygen gas, ©a, has poor solubility 

in water, many examples have good solubility in 
water. From the concepts discussed in Chapter 
6, you should be able to deduce that hydrogen 
chloride Is a somewhat polar molecule. This 
Øaseous material therefore has good solubility in 
water by virtue of the dipole-dipole attractlons 
between HC] and H;O molecules. 

Motor oil is mụch thicker (more viscous) than 
gasoline. Thịs difference suggests that molecules 
of motor oiÏ are more strongÌy attracted to one 
another than are molecules of gasoline. A mate- 
rial consisting of molecules oÊ structure A would 
have greater induced dipole-induced dipole 
interactions than a material consisting of mole- 
cules of structure B. Motor oil molecules there- 
fore are best represented by structure Â, and 
gasoline molecules are best represented by 
structure B. 

The arrangement o£ atoms in a molecule makes 
all the difference as to physical and chemical 
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properties. Ethanol contains the =OH  group, 
which 1s polar. Lhis polarity 1s what allows the 
ethanol to dissolve in water. The oxygen of 
dimcthyl ether ¡s bonded to two carbon atoms. 
The difference in electronegativity between oxy- 
gen and carbon Is not as preat as the difference 
in electronepativity between oxygen and hydro- 
gen. The polarity of the CO bond is therefore 
less than that o£ the O-H bond. As a conse- 
quence, dimethyl ether is sipniicantly less polar 
than cthanol and not readily soluble in water. 

In order for you to smell something, the mole- 
cules of that something must evaporate and 
reach your nose. If the new perfume doesnt 
evaporate, It will not have an odor. 

These bubbles are gases that were dissolved ¡n the 
cold water and are now coming out of solution. 
Because the solubility of gases in water decreases 
with increasine temperature, a pot of warm water 
has more bubbles than a pot of cold water. 

Most home water softeners work by replacing 

the calcium and magnestum Ions of the tap water 
with sodium 1ons. The softened water therefore 
contains increased levels of sodium Ions. 


Problems 
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Muluply solution concentration by amount of 
solutlon to get amount of solute: 


(0.5 g1) L) = 2.5 g. 
1 mole 
lãi 


=1IM 


2 moles 


0) lÈ 


= 4á moles /L = 4 M 
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As discussed in Chapter 6, both hydrogen fuo- 
ride, HE, and ammonia, NH¿, are polar mole- 
cules. IThus the molecule-to-molecule attractions 
in either liquid are relatively strong, which 
translates to relatively híph boiling points. 


3. As the ice melts, the water level does not 


change. For insipht as to why this ¡s so, think 
about the answer to Exercise Á. 


- |t 1s Important to keep the pipes from Íreezing 


because the water in them expands more than 
the pipe material does, and the expanded vol- 
ume can fracture the pipes. 
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Any portion of the added heat that goes to the 
ice increases the vibrations in the HạO mole- 
cules making up the ice. The increased vibra- 
tions cause more hydrogen bonds to be broken. 
Because hydrogen bonds are largely responsible 
for holding ice crystals together, the increased 
vibrations mean Ìess ice can form. 


Graph d. 


11. ]ust as the presence of a solute affects the rate at 


lo 


which ice crystals form, so does it affect the rate 
at which ice microcyrstals form. As you should 
recalÌ, ¡t 1s the formation of microcrystals In 
fresh water that results In fresh waters expansion 
as It cools to below 4°C. Without the formation 
of microcrystals, ocean water continues to con- 
tract all the way to Its Íreezing temperature. 
Ocean water 1s therefore most dense 7 2ƒ It 
freezes, which makes its freezing behavior most 
diferent from that of fresh water. To see for 
yourself, place a cupful of saÏt water next to a 
cupful o£ fresh water in your kitchen freezer. 

As it cools to 4°C, the oxygen-rich surface 
water sinks to the bottom oÊ the lake. This 1s 
of benefit to the aquatic organisms living at 


- the bottom. Concurrently, the nutrient-rich 
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deeper water ¡s pushed to the surface. This is 
of benefit to the aquatic organisms living near 
the surface. 

Nutrients are concentrated mostly at lower 
depths in any body of water. Because tropical 
surface water never sinks, there is no circulation 
in the water, with the result that nutrients stay 
on or near the ocean floor and the water is clear 
to a considerable depth. 

The mercury-mercury cohesive forces must be 
stronger than the mercury—plass adhesive forces. 


19. At colder temperatures, water molecules are 


moving more slowly, which makes it relatively 
easy for them to cohere to one another, increas- 
¡ng the surface tension. Â tablespoon of veg- 
ctable oil poured into a pot of cold water typi- 
cally stays together as a single blob (because the 
water molecules adjacent to the blob are so 
attracted to one another). At hipher tempera- 
tures, water molecules are moving faster, which 
makes it more difficult for them to cohere to 
one .another, decreasing the surface tension. Á 
tablespoon of vegetable oil poured into a pot of 
hot water is more inclined to disperse through- 
out the water, which is of great beneft when 
someone 1s cooking spaphetti. 
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NWater 1s not stronely attracted to the wax sur- 
face, which is nonpolar. To minimize surface 
area, the water on the wax surface tends to form 
a sphere. Sitting on a solid surface, however, the 
sphere is squashed down into a bead by the 
force of pravity. 

When a wet finger is held to the wind, evapora- 
tion 1s greatest on the windy side, which feels 
cool. The cool side of your finger is windward. 
A bottle wrapped in a wet cloth cools as the liq- 
uid evaporates from the cloth. As evaporation 
Progresses, the average temperature of the water 
left behind ¡in the cloth can easily drop to below 
the temperature of the water originally used to 
wet the cloth. So to cool a bottle of beer, soda, 
or whatever at a picnic, wet a piece of cloth in 

a bucket of cool water and wrap the wet cloth 
around the bottle. Às evaporation progresses, the 
temperature of the water in the cloth drops and 
cools the bottle to a temperature below that of 
the water in the bucket. 

A high temperature and the resulting heat 
energy g1ven to the food are responsible for 
cooking. If the water boils at a low temperature 
(presumably under reduced pressure), there 1s 
not enough heat energy to cook the food. 

The instructor removed most o£ the air from the 
Hask (which ¡s only partially ñlled with water). 
Removing the air caused the air pressure above 
the water surface to be extremely low. At such 
low pressure, the small amount of heat that trav- 
els from your hand to the water ¡s enouph to 
cause the water to boil. Remember, the boiling 
point of any liquid decreases as atmospheric 
pressure decreases. 

The lid traps heat inside the pot, which shortens 
the amount of time ít takes to bring all the 
water to its boiling point. The lid also increases 
the pressure exerted on the water, which raises 


the boiling point. The hotter water cooks food 


in a shorter time. 

You want your radiator liquid to absorb heat 
from the engine so that the engine doesnt meÌt. 
A liquid that has a hiph specific heat will be 
more effective at absorbing this heat. Engine 
efficiency increases with increasing temperature, 
however, and so keeping the engine too cool 

is not desirable. Commerically sold radiator 
liquids are formulated to have a specific heat 
that helps your engine run at an optimal 
temperature. 


35. The cÏimate of Bermuda, like that of all other 
Islands, is moderated by the hiph specific heat 
of water. The climate is moderated by the large 
amounts of energy øIven off and absorbed by 
water for small changes in temperature. When 
the air is cooler than the water, the water warms 
the air; when the aïr 1s warmer than the water, 
the water cools the air. 

37. Much of the heat from the oven ¡is consumed in 
changing the phase of the water from liquid to 
gas. As long as any of the water remains in the 
liquid phase, the temperature of the oven will 
not rise much hipher than the boiling point of 
the water—100°C.. 

39. Thịs heat ¡s radiated outward to the environ- 
ment. In order to meÌt the ice, the heat would 
have to be reflected back Into the Ice. 


Problems 


1. heat Into water = speclfic heat X mass X 
temperature change 


= (4.184 J/g ° °C)(100 g)(+7 °C) 
= 2928.8 J 


which to the proper number of significant 


Ññgures ¡s 3000 J. 


3. temperature change 
heat added 


_ specifc heat X mass 

R 230 J 

_ (4.184 J/g-°C)(.0 g) 
=jj.. 


Chapter 9 


l.a.4,3,2_ b.3, I, 2 (Remember that, by con- 
vention, a coefficlent of 1s is not shown ¡n the 
balanced equation.) 

3. HạO, 18 atomic mass units; C2H¿, 42 atomic 
mass units; CaHạO, 60 atomic mass unIts. 

5, They have the same number of atoms. The 
mass ofNH¿ represents 1 mole o£ NHa, which 
means 6.02 X 103 NH¿ molecules. Because 
there are four atoms per molecule, there are 
4(6.02 X 1023) = 24.08 X 1022 atoms ¡n the 
17.031 grams. The mass of HC] represents 
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2 moles of HCI, which means 2(6.02 X 1023) 
molecules. Because there are onÌy two atoms per 
molecule in this case, you have 2(2)(6.02 X 
1023) = 24.08 X 1022 atoms in the 72.922 
prams. 


.- There is 1 mole ofN; in 28 grams o£ Na, 


I mole of Ô¿ In 32 grams of Ö›; 2 moles of 
CHÍ in 32 prams of CH¿, and 1 mole of F; in 
38 grams of E›. Therefore the answer Is c. 


- They assumed incorrectly that one hydrogen 


atom bondđs to one oxygen atom to form wat€r, 
which would mean that the chemical formula 
was HO. We know today, however, that two 
hydrogen molecules (not atoms) react with one 
oxygen molecule to form water. By a count of 
moleculese—which transÌates to a count of 
atoms—the hydrogen and oxygen react In a 

2:1 ratio and the formula for water is HO). 

By mass, hydrogen and oxygen still always react 
in a l;:8 ratio. Because two hydrogen atoms are 
needed for every one oxygen atom, however, this 
ratio 1s better expressed as 0.5 pram of hydrogen 
to 4 grams of oxygen. Comparing one hydrogen 
atom to one oxygen atom thus shows us that 
oxygen is actually 16 tỉmes more massive than 
hydrogen. 

A single oxygen atom has the very small mass of 
16 atomic mass units. 

Because Ï atomic mass unit equals 1.661 X 
10~2 gram, 16 atomic mass units must equal 
(16)(1.661 X 10-2? gram) = 26.576 Xx 10-2f 
gram = 2.6576 X 10~?3 gram. 

No, because this mass 1s less than that of a sin- 
le oxygen atom. 

The water molecules have the greater mass, just 
as a bunch of golf balls have more mass than the 
same number of Ping-Pong balls. The water mol- 
ecules have about nine times more mass because 
cach HO molecule (16 + 1 + 1 = 18 amu) is 
about nine times more massive than cach H; 
molecule (l + 1 = 2 amu): 18 amu/2 amu = 9. 
The bipg numbers dont change anything: 1.204 
< 102“ molecules of water have a greater mass 
than 1.204 X 102 molecules of molecular 
hydrogen. 

Chemical reactions, including the biological 
ones responsible for the spoilage of food, slow 
down with decreasing temperature. The refriger- 
ator therefore merely delays spoilage. 
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net €nergy oÍ reaction = 
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In pure oxygen, there is a greater concentration 
of one of the reactants (oxygen) for the chemical 
reaction (combustion). The greater the concen- 
tration of reactants, the hipher the rate of the 
TeactIion. 

The bubbling ¡s the result ofa reaction between 
the Alka-Seltzer tablet and the water. In the 
alcohol-water mix, there 1s a lower proportion 
of water molecules, which leads to a lower rate 
Of reaction. Ín terms o£ molecular collisions, 
with fewer water molecules around, the proba- 
bility of collisions.between Alka-Seltzer and 
water molecules is less in the alcohol-water mix. 
The final result of this reaction 1s the transfor- 
mation of three oxygen molecules, ©2, to two 
ozone molecules, O+z. Although there is no net 
consumption or production oÊ nitrogen monox- 
ide, NO, nitrogen dioxide, NO, or atomic oxy- 
gen, O, only the nitroyeen monoxide appears to 
be required for this reaction to begin. Therefore 
the nitroeen monoxide 1s best described as the 
catalyst. 

Putting more ozone into the atmosphere to 
replace whats been destroyed ¡s like throwing 
more fsh into a pool of sharks to replace those 
the sharks have caten. The solution to the ozone 
problem 1s to remove the CEC$ that destroy the 
ozone. Unfortunately, CFCs degrade only slowly, 
and the ones up there now wilÍ remain there for 
many years to come. Qur best bet is to stop pro- 
ducing CECs and hope we havent already caused 


too much damagc. 


ND. — 2l, 

Energy absorbed Energy released 
as bonds break as bonds form 
N-N = 159 kJ H-H = 4236 k] 
N-H = 389 kJ H-H = 436 kJ 
N-H = 389 kJ 

N-H = 389 kJ 

N-H = 389 kJ N=N = 946 k 
Tötai = TÌI715lJ Total = —1818 kJ 
absorbed released 


+1715 k] + (—1818 kJ) 

— 103 kJ (negative net 
enerey means exother- 
mic reaction) 
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Bj HO; = O; BE: Đụ HO 


Energy absorbed Energy released 
as bonds brealc as bonds form 
O-O = 138 kJ 

H-O = 464 kJ O=O = 498 kJ 
H-O = 464 kJ H-O = 464 kJ 
O—O = 138 kJ H~O = 464 k] 
H-O = 464 kJ H-O = 464 kJ 
H—O = 464 kJ H-O = 464 kJ] 
Total = +2132 kJ Total = —2354 k] 
absorbed released 


net energy of reaction = +2132 k] + (—2354 k]) 


TÌÌU 


55) 


55 


Đà 


= —222 kJ (negative net 
enerey means exother- 
mIc reaction) 


The reactions in a disposable battery are exo- 
thermic, evidenced by the fact that the battery is 
producing energy used to operate some device. 
The reactions taking pÌace as a rechargeable bat- 
tery ¡s recharged are endothermic, evidenced by 
the fact that you need to connect the recharger 
to an external supply of electricity. (Both the 
disposable battery and the recharging one get 
warm because of the heat generatcd as electricity 
passes through them.) 

Both are ripht, provided they recognize that 

the energy ¿øz/zeZ in the brick is dispersed 
throuphout the brick. 

Look at Table 9.2 and yoưÌÍ see some examples 
of combustible fuels, including hydrogen, H, 
methane, CH, and methanol, CHzOH. You 
can think of these fuels as sources of relativeÌy 
concentrated energy, which means their entro- 
pies are relatively low. Ás they burn In oxygen, 
this concentrated energy is dispersed. 

Recall from the Hands-On Chemistry of Sec- 


tion 9,5 that this ¡is what happens when a saÌt, 


such as sodium chloride, ¡s dissolved in water. 
As the ions separate from one another, some of 
the vibrational energy they have when together 
is transformed to the potential energy of their 
being apart. The effect is that the lons are no 
longer vibrating so fast, whích we detect 4s a 
drop in temperature. Energy from the higher- 
temperature surroundings then rushes In to con- 
tribute to the process. This occurs, however, 


I\ 10.250 9| 


only because of the large entropy increases that 
Occur as the Ions disperse into solution. 


Problems 


1 mole 


1 mole \Í 6.02 x1072molecules 
180 g 


= 8.36 x102molecules 


3. The chemical equation tells you that 1 mole of 


2-propanol yields 1 mole of propene and 1 mole 
of water. From the chemical formula CzHgO, 
you know that the molar mass of 2-propanol is 
60 grams/mole, and so 6.0 grams Is 0.10 mole 
of 2-propanol. Therefore this mass of 2- 
propanol yields 0.10 mole of propene and 0.10 
mole of water. [he masses of the two products 
are therefore 


CạH¿ (42 g/mole)(0.10 mole) = 4.2 g 
HạO_ (18 g/mole)(0.10 mole) = I.8 g 


5. Absorbed: 


1 mole N=N X 946 kJ/mole 
3 moles H—H X 436 kJ/mole 


946 k] 
1308 k] 
2254 k] 


Released (2 moles NH¿ contain 6 moles N-H 
bondà): 


6 moles N-H X (—436 k]/mole) = —2334 kJ 


net energy Of reaction = energy absorbed + 
energy released 


2254 k] + (—2334 k]) 
= —80 k] 


lÍ 


The negative value means this energy 1s released. 


. Change in Sfrom products — reactants 


= entropy o£2 moles NH¿ — entropies of 

l mole N; and 3 moles H; 
2(192.5 J/K) — [191.6 J/K + 3(130.7 J/K)Ï 
61512)10)11¬Š @91=s1 00 UV 
mi) 7]! 


The result in Problem 5, —80 kJ, tells you 
80,000 joules of energy ¡s released during this 
reaction. Because you are now looking at the 
energy gained by the surroundings, change the 
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sign to positive: +80,000 Joules gained by sur- 
roundings. 


Change In Š from energy released during reaction 
= +80,000 ]/723K 
= +110]/K 


Net change in Š of universe 
= —198.7]/K + 110]/K 
= —89 ]J/K 


Ammonia, NH, is a very important chemical, 
ranking among the top ñve chemicals produced 
worldwide. Íts primary use is as a fertilizer, and 
so its production ¡s directly linked with our 
food supply. Your calculations should show that 
the formation ofammonia becomes less favored 
with hipher temperature (negative net entropy 
change). Industry overcomes this problem by 
using catalysts and by performing the reaction 
under high pressure. 


Chapter l0 


1. Potassium carbonate in the ashes acts as a base 


and reacts with skin oils to produce a slippery 
solution o£ soap. 

- The base accepted one or more hydrogen ions, 
H”, and thus gained positive charge. In order to 
accept HT ions, the base had to give up some 
other positive ions. The base thus formed the 
positive Ions of the salt. The acid donated one 
or more hydrogen lons and thus lost positive 
charge. Once the acid lost all its H” ions, what 
remained was only negative ions. The acid thus 
formed the negative ions of the salt. 

. In the ñrst reaction, the HạOT transforms to a 
water molecule. This means the HạOT loses a 
hydrogen ion, which ¡s donated to the Cl”. The 
HạO” therefore is behaving as an acid, and the 
CÌ is behaving as a base. In the reverse direc- 
tion, the HO gains a hydrogen ion (behaving 
as a base) to become HO”. It gets this hydro- 
gen ion from the HC], which in donating is 
behaving as an acid. You should be able to make 
suimilar arguments to arrive at the following 
ansSW€rS: 

a. acid, base, base, acid. 

b. acid, base, acid, base. 

c. acid, base, acid, base. 
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7. When the sodium hydroxide, NaOH, accepts a 


li 


hydrogen ion from water, the products formed 
are water and sodium hydroxide! In solution 
this sodium hydroxide ¡s dissolved as individual 
sodium I1ons and hydroxide lons. 


- That the value of K„ 1s so small tells you that 


the extent to which water 1onizes 1s aÌlso quite 

small. 

a. As more hydronium and hydroxide Ions form 
as the temperature increases, the concentra- 
tion of these Ions Increases. This means that 
the product of their concentrations, which is 
K„, also increases. Thus, K,„ is constant only 
so long as the temperature is constant. Ínter- 
estingly, K„¡s 1.0 X 10~1* only at 24°C. At 
4C, 0 207 in. 


b. pH ¡sa measure of hydronium ion concentra- 
tion. The greater the hydronium ion concen- 
tration, the lower the pH. According to the 
Iinformation given ¡in this Exercise, the hydro- 
nium Ion concentration 1ncreases (albeit onlÌy 
slightly) as water warms up. Thus, pure water 
that 1s hot has a sliphtly lower pH than pure 


water that ¡s cold. 


c. Ãs water warms up, the hydronium ion con- 
centration Increases, but so does the hydroxide 
lon concentration—and by the same amount. 
Thus, the pH decreases and yet the solution 
remains neutral because the hydronium ion 
and hydroxide ton concentrations are still 
cqual. At 40°C, for example, the hydronium 
lon and hydroxide ion concentrations in pure 
water are both 1.71 X 10” mole per liter 
(the square root of X,„). The pH of this solu- 
tion 1s the negative of the logarithm of this 
number, which ¡s 6.77. Thịs is why most pH 
meters need to be adjusted for the temperature 
of the solution being measured. Except for 
here in this Exercise, which probes your pow- 
ers of analytical thinking, this textbook ignores 
the slipht role that temperature plays in pH. 
Ủnless noted otherwise, please continue to 
assume that K,„ always has the value 1.0 X 
10-14 in other words, assume that the solu- 
tion being measured ¡s at 24°C. 


13.pH = —log [HạO”] = —log 1 = —0 = 0 


Thịs an acidic solution. Yes, pH can be equal to 
zerol 


lb 


175 


J5 


ĐÁ Ô 


Đàn 


5. 


AppendixC_ Solutions to Odd-Numbered Exercises and Problems A23 


Because pH is defined as the øøøz//ze of the log- 
arithm, you have 


jm "ca. |] 2 
log [HOT] = 3 
[HạO†] = 103 4= 1000 A⁄ 


The solution would be impossible to prepare 
because only so mụch acid can dissolve in water 
before the solution is saturated. The highest 
concentration possible for hydrochloric acid, for 
example, is 12 Ä⁄. Beyond this concentration, 
any HCI, which is a gas, added to the water 
simply bubbles back out into the atmosphere. 
The concentrated solution of hydrochloric acid 
becomes more diÌute in hydronium 1ons as the 
weak acid ¡s added. The solution therefore 
becomes less acidic. 

LÝ the chalk is made of calclum carbonate, 
CaCOÕ+, ít is made of the active Ingredient in 
many antacids. Calctum carbonate 1s a base that 
neutralizes an acid. Be careful, thoueh, never to 
take too mụuch calcium carbonate because the 


stomach ¡s designed to always be somewhat acidic. 


Limestone (also known as calcium carbonate) is 
a base. Thus any slight amounrts of it dissolved 
in lake water neutralize some of the acid rain 
that enters the lake. Granite 1s not basic, and so 
there ¡s no such neutralizing possible for acid 
rain falling into granite-lined lakes. 

The warmer the ocean, the lower the solubility 
of any dissolved gases, such as carbon dioxide, 
CO¿. Thus less CO¿ would be absorbed in a 
warmer ocean, meaning that more of this gas 
would remain ¡n the atmosphere to perpetuate 
plobal warming. 

The hydrogen chloride, which behaves as an 
acid, reacts with the ammonia, which behaves 
as a base, to form ammonium chloride. The 
concentration o£ammonium chÏloride increases, 


-and the concentration o£ammonia decreases. 


2E 


When the active buffering components are alÏ 
neutralized. 


Problems 


l5 


The concentration of hydroxide ions must 
be 1 < 10~* mole per liter because 
0)? C1 | 1 10- 1“ mole per liter. 


3. The pH of this solution is 4, and the solution is 


acidic. 


5. Doubling the volume oÊ solutlon means that the 


hydronium ion concentration is cụt in haÏl£ The 
hydronium ion concentration after dilution is 


therefore 0.05 4⁄. The pH ¡is 
pH = -log [H;O”"] 

= =0 °0U) 

== =2 =IC 


Chapter 11 


1. The atom that loses an electron and thus 


becomes positively charged (the red one) is 
the one that is oxidized. 


3. An oxidizing agent causes other materials to 


lose electrons. Ít does so by ¡its tendency to gain 
electrons. Atoms with high electronegativity 
tend to have a strong attraction for electrons 
and therefore behave as strong oxidizing agents. 
Conversely, a reducing agent causes other mate- 
rials to gain electrons. It does so by Its tendency 
to lose electrons. Atoms with hịph electronega- 
tivity therefore have little tendency to behave as 
reducing agents. 


- Fluorine should be the stronger oxidizing agent 


because it has the greater effective nuclear charge. 


‹- The electrons How from the nail to the copper 


IONS. 


. The anode ¡is where oxidation takes place and 


where free-roaming electrons are generated. 
The negative sign at a battery anode indicates 
that this electrode ¡s the source of negatively 
charged electrons. They run from the anode, 
through an external circuit, to the cathode, 
which carries a positive charge to which the 
electrons are attracted. (When a battery is 
being recharged, energy is used to force elec- 
trons in the opposite direction. Ín other words, 
during recharging, electrons move from the 
positive electrode to the negative electrode— 
a place where they would not ever go without 
the input of energy. Electrons are thus gained 
at the negative electrode, which is now cÌassi- 
fñed as the cathode because the cathode 1s 
where reduction—the gain of eÌlectrons—— 
occurs. Look carefully at Figure I1.10B to 

see how this is so.) 


11. According to the chemical formula for Iron 


hydroxide, there are two hydroxide groups for 
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17” 
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every one iron lon. Each hydroxide group has a 
single negative charge. This means that the iron 
lon must carry a double positive charge, which 
is no different from the free Fe7T ion from 
which the Fe(OH); is formed. This reaction is 
merely the coming together of oppositely 
charged Ions. 

The Cu?Ÿ ion is reduced as it gains electrons to 
form copper metal, Cu. The magnesium metal, 
Mg, is oxidized as ít loses electrons to form the 
MgZ”” ion. 


How much power a battery can deliver is a 
function of the number of ions in contact with 
the electrodes—the more ions, the greater the 
power. lf the lead electrodes are completely sub- 
merged both before and after the water is added, 
diluting the ionic solution ¡n the battery 
decreases the number of ions in contact with the 
electrodes and thus decreases the power of the 
barttery. This effect is only temporary, however, 
because more ions are soon generated as the bat- 
tery 1s recharged by the cars generator. If the 
water level inside the battery is so low that the 
lead electrodes are not completely submerged, 
adding water increases the amount of electrode 
surface area in contact with the solution. Thịis 
counterbalances the weakening efect of diluting 
the ionic solution. 


. Aluminum oxide 1s insoluble in water and thus 


forms a protective coating that prevents contin- 
ued oxidation of the aluminum. 

Combustion reactions are generally exothermic 
because they involve the transfer of electrons to 
oxygen, which of alÏ atoms in the periodic table 
has one of the greatest tendencies for gaining 
electrons. 

Ín water, the oxygen ¡is chemically bound to 
hydrogen atoms. That chemically bound —O— 


PÁoI 
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¡s completely diferent from molecular oxygen, 
O›, which ¡s what is required for combustion. 
Another way to phrase your answer would be 
to say that the oxygen in water is already 
“reduced” ¡n the sense that it has gained elec- 
trons from the hydrogen atoms to which it 1s 
attached. Being already reduced, this oxygen 
atom no longer has a great attraction for addi- 
tional electrons. 

Thịs is very bad news. The iron atoms wilÏ lose 
electrons to the copper atoms, which, being very 
poor reducing agents, wilÌ pass those electrons 
on to oxygen molecules in the air in contact 
with the pipe surface, mụuch as is indicated in 
EIDUITC lì 

Thịs water 1s in the gaseous phase and merely 
foats away from the fre. 


Chapter 12 


lD 


l1. 


A 5-carbon saturated hydrocarbon contains 12 
hydrogen atoms. A 5-carbon unsaturated hydro- 
carbon contains 10 or fewer hydrogen atoms. 


Ì 
t0 Vị: HT C=NH 
`. LH 
"....... "` ..`... 
¬N. =.” 
H H 
Ji l5 jo dại 
- There are onÌy two structural isomers drawn. 


The one in the middle and the one on the right 
are two conformations of the same isomer, 


- The pressure is preatest at the bottom because the 


temperature is hiphest here, and the high temper- 
ature means the greatest number of vaporized 
molecules present to cause the hiph pressure. 


. TF the bulk of the alcohol molecule is a nonpolar 


hydrocarbon chain, the alcohol may be insolu- 
ble in water. 

Ingesting methanol is indirectly harmful to eyes 
because in the body ¡t is metabolized to formal- 
dehyde, a chemical that damages eyes and can 
cause blindness. In addition, methanol, just like 
cthanol, has inherent toxicity and ¡s thus also 
directly harmful. 


l5: 
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©) CHạ 
HC / 
à" N 
N 
J. + HạO + NaTH,PO,~ 
ØẼ Si N 
| 
CH:ạ 
Caffeine 
(free base) 


The HCI would react with the free base to 
form the hydrochloric acid salt of caffeine, 
which ¡is soluble in water but insoluble ¡n 
diethyl ether. With no water available to dis- 
solve this material, it would precipitate out of 
the diethyl ether as a solid that could be col- 
lected by fÏtration. 

The caprylic acid reacts with the sodium 
hydroxide to form a water-soluble saÏt, 

which dissolves in the water. Ihe aldehyde 

1s not acidic and so does not form a water- 
soluble sat. 

Nol “Thịs label indicates that the decongestant 
contains the hydrogen chloride salt of phenyl- 
ephrine, 7Ø acidic hydrogen chloride. This 
organic salt is as different from hydrogen chÌo- 
ride as sodium chloride (table salt) ¡s. (Sodium 
chloride could go by the name “hydrogen chlo- 
ride salt of sodium.”) Think of it thịs way: 
assume you have a cousin named George. You 
may be Georges cousin, but in no way are you 
George. In a similar fashion, the hydrogen 
chloride salt of phenylephrine ¡s made using 
hydrogen chloride, but ¡t is in no way hydro- 
gen chloride. A chemical substance ¡s different 
from the elements or compounds from which 
it is made. 

Structure b. At acidic pH values, the nitrogen 
atom accepts hydrogen ions from solution and 


SO Carries a positive charge as shown In the 


amine part of structure b. The carboxylic acid, 
however, remains unchangcd and so appears as 
it does in the carboxylic acid part of structure a. 
At alkaline pH values, the carboxylic acid part 
of the molecule loses its hydrogen Ion as It 
reacts with hydroxide ions in solution. Âs a 
result, this part of the molecule carries a nega- 
tive charge as shown in structure b. Because the 
solution is basic, the nitrogen atom cannot pick 
up any hydrogen ions and so remains as shown 


A25 


in the amine part of structure a. At neutral pH, 
both the concentration of hydronium ions and 
the concentration of hydroxide Ions are quite 
low. Thĩs situation allows the acidic carboxylic 
acid part of the molecule and the basic amine 
part of the molecule to react 27? ¿2c ø/Jer to 
form structure b. 

l.ether 2.amide 3. ester 
5.alcohol 6.aldehyde 7. amine 
9. ketone 


á. amide 


8. ether 


SÁ 


CHạO c 
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25. The combustion of polyacrylonitrile produces 
hydrogen cyanide. The combustion o£ polyvinyÌ 
chloride and polyvinylidene chloride produces 
hydrogen chloride gas. 

The polymer made of long strands ¡s likely to be 
more viscous because of the tendency of longer 
strands to get tanpled. 

29. A fuorine-containing polymer, such as Tefon. 


20/2 


- 


1. A carbohydrate is made from water and carbon 
dioxide, but in no way does it “contain” these 
two materials. Recall from Chapter 2 that any 
chemical compound produced in a reaction 1s 
different from the reactants used to make It. 

3. Both cellulose and starch are polymers of 
ølucose. They differ in how the gÌucose units 
are linked together. In cellulose, the linking 
results in linear polymers that align with one 
another, giving rise to a touph material useful 
for structural purposes In plants. Ín starch, the 
linking permits the formation o£ alpha helices, 
with periodic branching along the polymer 
chain. 


A26 


5 


hậu 
lộc 


JD): 


lể7. 


Lipids are nonpolar molecules containing no 
polar functional groups. They are made prima- 
rily of nonpolar hydrocarbons and therefore do 
not dissolve in water because they cannot com- 
pete with the strong attraction water molecules 
have for one another. 


- A fat molecule is a triplyceride. So iÝa product 


contains no triplycerides, perhaps there is some 
legitimacy to saying it is “free of fat molecules.” 
WWhen fat (triplyceride) molecules consumed in 
food are dipested, however, they are broken 
down to fatty acids and glycerol molecules. This 
“fat-free” product therefore would still offer 
your body the same type of molecules that fat- 
containing food does, which means the same 
number of calories. 


. Your customers haiïr 1s ñne because each strand 


1s thin. Because cach strand ¡is thin, there ¡s less 
mass per strand. Less mass per strand means 
cach strand ¡is made of fÍewer amino acids, which 
means fewer cysteine amino acids and disulfde 
cross-linkings. Adding concentrated or even 
repular-streneth reducing agent mipht cause his 
hair to fall apart completely. Yikes! You should 
dilute your reducing agent prior to application. 
You might even skip the reducing step alto- 
gether and move ripht to the oxidizing step in 
which disulide bonds are formed. 
Ser-Leu—-Ser-Leu-C3ys 

Ata: dipole-dipole attractons (hydrogen bond- 
Ing). Ất b: disulide bonds. At c: induced 
dipole-induced dipole attractions (hydrophobic 
attractions). [he primary structure is the 
sequence of amino acids. The secondary struc- 
ture ¡s the three alpha-helix regions (the coils) 
and the one pleated-sheet region (the zig-zags). 
The tertiary structure ¡s the overall shape of the 
polypeptide chain. No quaternary structure ¡s 
observed because this polypeptide is not associ- 
ated with an adjacent polypeptide. 

IÍ uracil were present as a normal component 
of DNA, this “authentic” uracil would not be 
distinguishable from any uracil generated by the 
Spontaneous transformation of cytosine into 
uraci. The methyl group on thymine is appar- 
ently the “label” that tells repair enzymes to 
leave it alone, thereby preventing Ìoss of genetic 
Iinformation. 

The sequence ATG in DNA gives rise to the 
codon UAC on mRNA, which codes for 

the amino acid tyrosine. 
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Asp-Pro-Ala 

The hydroxyl group on the ribose sugar provides 
a conformation for the mRNA polymer that 
doesnt bind well with DNA. 

\Water readily passes throuph the body. Excess 
quantities of the water-soluble vitamins are 
therefore readily excreted. WWater-insoluble vita- 
mins, by contrast, tend to build up in nonpolar 
fatty tissue, where they can remain for extended 
perlods of time. 

You should tell her that her body needs and will 
absorb only ạ certain amount of vitamin C each 
day. If she loads up with an excessive amount 
only once a week, her body has no way oÝ stor- 
Ing any excess. [nstead, the excess 1s excreted, 
leaving her potentially low on this vitamin for 
days at a time. 

Sucrose is a disaccharide and must be broken 
down to its two saccharide units—only one of 
which ¡s glucose—before it can be used by the 
body. 

These polyunsaturated fatty acids came from the 
vegetarian diet eaten by the cows from which 
the beef fat came. 

Every muscle in your body is a storage site of 
amino acids for yourself (as well as for any 
Oorganisms that might end up eating you). In 
times of starvation, your body will access this 
“stockpile” of amino acids, resulting in a 
decrease in your muscle mass. 


Chapter 14 


JL, 


Ít is the vast diversity of organic chemicals that 
permits the manufacture of the many types of 
medicines needed to match the many types of 
IÏnesses humans are susceptible to. 


- Whether a drug is isolated from nature or synthe- 


sized in the laboratory makes no difference as to 
“how good ít may be for you.” There are a multi- 
tude o£ natural produets that are harmful, just as 
there are many synthetic drugs that are harmful. 
The effectiveness ofa drug depends on its chemi- 
caÍ structure, not on its source. 


- lypIcally, cancer chemotherapeutics kill not 2 


cancerous cells but rather only a hiph percentage 
of them. The remaining cancerous cells are ñn- 
Ished off by the immune system. The earlier the 
cancer 1s caught, the fewer the number of can- 
cerous celÌs present in the body, which makes it 
easler for the chemotherapy and the immune 
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system to work together. \With later-stage cancer, 
the number of cancerous cells left over after 
chemotherapy might be too mụch for the 
Immune system to handle. Also, most cancer 
chemotherapy agents used today work by killing 
cancerous cells that are dividing. Young tumors 
have a greater percentage of dividing cells than 
do older tumors. Thus, young tumors are 
quicker to succumb to chemotherapy. 


. They work well together because of the synergis- 


tíc efect. An invading virus is slowed down by 
the protease inhibitors and also by the antiviral 
nucleosides. Combining these agents creates an 
effect that 1s greater than the effect of either 
agent given independently. 


. Of the 6 billion humans on the planet, 3 billion 


are woman. The percentage of women using 
birth control pills ïs therefore (60 million/ 

3 billion) X 100 = 2 percent. Birth control 
pHls therefore have probably had only a minor 
impact on the worldwide growth of the human 
population. 

Many stimulant drugs work by blocking the re- 
uptake of excitatory neurotransmitters. Stuck In 
the synaptic cleft, these neurotransmitters are 
decomposed by enzymes. By the time re-uptake 
is no longer blocked by a stimulant, there are 
few neurotransmitters left to be reabsorbed by 
the presynaptic neuron, which by this point is 
also deprived of neurotransmitters. With a lack 
OỂ neurotransmitters, there ¡s little communIca- 
tion between adjacent neurons, and th¡s has the 
efect of making the drug user depressed. 
Gardeners must exercise extreme care when 
using solutions o£ nicotine because nicotine Is 
extremely poisonous to humans. 

The effective dose of MDA ¡s many times gøTreat€r 
than the effective dose of LSD. In other words, 
MDA is taken by the millipram but LSD is taken 


.by the microgram. Because so much MDA 1s 


taken, negative side effects are more likely. 

The mechanisms of drug withdrawal are 
quite complex, however. Consider the following. 
A coffee drinker gets a headache when he or she 
stops drinking coffee. The headache is a result of 
a side effect of caffeine. Thịs stimulant compo- 
nent of coffee causes blood vessels to dilate. 
Over time, the coffee drinkers body becomes 
accustomed to this dilation and counteracts It 
by applying a force that causes the dilated blood 
vessels to constrict. WƑhen coffee is no longer 
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consumed, the body doesnt know to stop coun- 
teracting the dilation. Blood vessels therefore 
become overÌy constricted, and that øives rise to 
a headache, which prompts the coffee drinker to 
drink more cofee. 

Likewise, with repeated use oŸ MDA, the 
body develops a tolerance to is side effects. 
When a person stops using MDA, the body ¡s 
suill working hard to tolerate the drug. Thus, it 
1s the body own counteraction to the drug that 
drives the MDA user to continue using i—a 
vicIous cycle driven by some very real chemistry. 


17. The advantage Is that the person doesnt run the 


risk of being sent to jail for smoking mariJuana. 
The disadvantage 1s that 1f the person 1s already 
nauseated, she or he may not be able to hold the 
orally taken Marinol down long enouph for the 
antinausea effect to OCCU. 


19. Replace the —CH: group with a group having a 


— C—€~—N- sequence. With this sequence, 
there is a nitrogen atom two carbons away from 
the single-bonded oxygen of the ester (see Figure 
14.39). This change gives either procaine or a 
compound very similar to procaine, and the 
anesthetic properties of these compounds are 
preater than those of benzocaine. Cf course, 
once the structure is modifed, ít is no longer 
benzocaine but some other chemical. 


21. Endorphins likely came first, and then humans 


discovered how opium contains compounds that 
mimic the effect of endorphins. Thus, “oploids 
have endorphin activity” 1s the more appropriate 
statement. hy this is so 1s something you 
should be sure to discuss with your 1nstructor. 


23. Blood clots may form at the plaque site. The 


clots can then break away and travel throuph the 
bloodstream until they reach and clog a blood 
vessel In the heart, causing a heart attack. 


Chapter 15 


1. This oxygen is not gaseous Ô but rather oxy- 
gen atoms bound to the cellulose structure of 
the plants. 


3. ]J7⁄4/10§4/7s ếX WaS at the top of its food 


chain (a quaternary consumer), which means 
the size ofits population was limited because of 
the small food supply avatlable at this level. 

5. As it decomposes, the humus releases carbon 
dioxide, which reacts with moisture In the soil 
to form carbonic acid. 
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If the open spaces are too large, the soil will not 
retain water very well. Instead, the water wilÏ 
leach out, takineg many plant nutrients with it. 


. Clay Is a very compact material containing few 


Open spaces. Because water cannot penetrate 
clay very well, nutrients are not washed away. 
In alkaline soil, the amamonium ion, NH¿”, 
behaves as a weak acid——it loses a hydrogen lon 
and thereby becomes ammonia, NH¿. Althouph 
ammonla 1s sọluble in water, it is a gas at ambi- 
ent temperatures and 1s thus readily lost to the 
atmospherc. 

The organic buÌk of compost, even thouph it is 
chemically inert, provides many open spaces to 
the soil, and these open spaces are where water 
and atmospheric oxyeen become available to 
plant roots. 

Synthetic fertilizers provide no organic buÌk to 
the soil. Without an adequate suppÌy of organic 
bulk, soil becomes chalky and loses its capacity 
to hold water, with the result that leaching 
becomes more signifcant. The synthetic fertiliz- 
ers are quickly leached away, which means that 
greater quantities of them must be applied to 
compensate,for this leaching effect. 

Sawdust is mostly ground-up cellulose, which, 
as you learned in Chapter 13, ¡s made of only 
carbon, oxygen, and hydrogen. The sawdust 
should therefore have the lowest rating of 
0.2-0-0.2. Fish meal is a good source of pro- 
tein, and proteins are hiph ¡n nitrogen. The 
most likely rating for the ñsh meal therefore is 
2—3-3. As discussed in Section 10.1, wood ashes 
are a source of the alkaline material potassium 
carbonate, K;COa, and so the most likely rating 
for the ashes ¡s 0—1.5-8. 

The plant cannot distinguish between the two 
lons. Ấn ammonium Ion Is an ammonium Ion 
no matter where It is from! The main difference 
for the plant would be that the compost would 
provide the added beneft of organic buÌk, 
Here, it ¡s alÍ just a matter of semantics. The 
word øzø/c in the phrase ø7zø2/c ƒ2r⁄g tefers 
to an environmenrally friendly method of farm- 
Ing. When a pesticide is classiled as “organic,” 
the likely meaning is that the pesticide is made 
of organic molecules, which, as discussed in 
Chapter 12, are molecules built by the linking 
topether of carbon atoms. 

One of the most precious resources ofa nation is 
1ts topsoil because from this topsoil comes the 


2. 


27. 
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food to feed the nation. One important reason 
the U.S. government is paying farmers not to 
farm is to conserve topsoil. At present, food sup- 
plles are more than adequate, and so there is an 
argument to be made that these conservation 
eforts are prudent. For the millions of starving 
people in the world, the problem ¡s not an Inade- 
quate food supply but rather an inadequate distri- 
bution infrastructure for the food. 

The advances In genetic engineering allow agri- 
cultural chemists to modify plants to Improve 
therr nutritonal qualities and make them more 
resistant to pest infiÏtration. 

Some plants are fairly tolerant of salty soil. The 
gene or genes that allow for this greater toler- 
ance mipht be Inserted into other plants that 
normally have a low tolerance for salty soil. 


People need fresh water to survive and prosper. 
Thus irs only natural that communities devel- 
oped around areas where Íresh water was €asy to 
obtain, which means alongside rivers, lakes, and 
streams. OnÌy with newer technologies has it 
become feasible for humans to settle in places 
where aboveground fresh water is not so abun- 
dant. In these regions—such as where Denver, 
Colorado, 1s now located——the majority of 
drinking water is obtained from deep wells that 
tap Iinto groundwater. 


.- The ultmate sink for nearly all rainfall on the 


Earth Is the oceans. 


- Most groundwater exists in aquifers, which are 


underground regions throuph which water ows 
relatively sÌlowly. If groundwater removal ¡s 
stopped, the ow of water through the aquifer 
will slowly recharge the aquifer. If subsidence has 
occurred, the underground soil is much more 
compact than it was originally, whích means ít is 
not likely to hold as much water as ¡t once did. 
If water removal is stopped, therefore, the land 
may rise some because of the recharging efct, 
but probably not back to its original level. 


. Groundwater moves only slowly, which means 


that any pollutants added to ít are not Ñushed 
away for quite some time. Furthermore, there is 
no way to clean polluted groundwater while it 
1s in the pround. Our only choice would be to 
purtfy the water aÍter we extract it from the 
øround. 


Appendix C 


2. Á bíg advantage to using chỈorine is that it pro- 
vides protection from pathogens for several days 
after treatment. A drawback is that the residual 
chlorine can adversely affect the taste of the water. 
Ozone, O3, is very effective at killing pathogens. 
However, soon after ít is bubbled through the 
water, it decomposes to oxygen, ©›. Thus, ozone 
does not remain in the water for as long as chỈo- 
rine does to provide long-lasting protection. If the 
Ozonated water is consumed fairly soon, however, 
this may not be a problem. Futhermore, because 
the ozone decomposes, ozonated water tends to 
taste better than water treated with chỈorine. 


11. Reverse osmosis can be used to get fresh water 


from any solution. The only prerequisite is that 
the solute particles be larger than the water mol- 
ecules. When this ¡s the case, only water mole- 
cules pass through the semipermeable membrane 
from the solution side to the fresh-water side. 


13. Qur mouths are pretty good at discerning the 


taste of residual components in drinking water—— 
so much so that many of us are willing to pay the 
1000 percent markup that water bottlers charge 
for their products, which are only a fraction o£a 
percentage purer than municipal water. Because 
the purity of municipal water and the purity of 
bottled water are comparable, fushing a toilet 
with municipal water is about as wasteful as 
Ñushing ít with bottled water. Your sketch should 
look something like thís: 


15. When a red blood cell is placed in fresh water, 


the concentration of solute particles inside the 
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cell is hipher than their concentration outside 
the cell. As a result, water migrates into the cell 
(moving from a region of low solute concentra- 
tion to a region of hiph solute concentration). 
WWhen cnough water has collected in the cell, 
the cell bursts. 

As the water freezes, dissolved salts are excluded 
from the ice crystals that form. Seawater can 
therefore be desalinated by cooling it to form 
crystals, which can then be melted to produce 
fresh water. Before the seawater 1s completely 
frozen, however, the mixture of crystals and liq- 
uid water needs to be “rinsed” with fresh water 
to remove the salts. Ctherwise, the salts collect 
in tiny pockets In the ice. Unfortunately, the 
amount of fresh water required to rinse the 
Íreezing seawater 1s comparable to the amount 
of fresh water obtained by this process, making 
the process relatively inefficlent. 

Phosphates are a nutrient for many plants and 
microorganisms. In the past, the phosphates 
from used laundry detergents often made their 
way Into rivers, lakes, and ponds. The phos- 
phate-rich water supported such rampant 
erowth of plants and microorganisms that the 
natural supply o£ dissolved oxygen was choked 
off as eutrophication took place. 

The decomposition is prImarlly anaerobic 
because very little oxygen makes ¡t from our 
mouths to our intestines, where food decompo- 
sition takes place. As a consequence, gases that 
come out the other end are frequently of the 
odoriferous sOFt. 

At the wastewater treatment facility, human 
waste 1s extracted from the water and typically 
ends up in a solid-waste disposal site. So why 
not use a composting toilet, which allows you to 
stop wastineg water, and send wastes directÌy to 
farmlands? 

To date, advanced integrated pond systems are 
best suited to small communitles that have 
access to large areas of undeveloped land and 
lots of sunshine. Even if conditions are right 
for a particular community, however, still to 

be overcome ¡s the social Inertia aÌmost aÌways 
associated with doing something different. 


The molecules of the gases that make up the 
atmosphere are held down by the force of gravity. 
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The air pressure exerted on the outside of your 
eardrums is decreasing more quickly than Is the 
alr pressure exerted on the Inside of your ear- 
drums. FYI, commercial airplanes maintain a 
cabin pressure equal to the pressure one experi- 
ences at about 2400 meters (8000 feet) up a 
mounrtaIn. 


. Ôxygen molecules are more massive and hence 


heavier than nitrogen molecules. An oxygen 
molecule therefore requires more kinetic energy 
to travel to the same altitude as a nitrogen 
molecule. This 1s one of the reasons the ratlo 

of nitrogen molecules to oxygen molecules 
Increases (slightly) with increasing altitude. 


. Coal is a fossil fuel, which means it formed from 


decomposed organic matter. The sulfur in organic 
matter Is primarily in the form of the amino acids 
cysteine and methionine. Plants obtain the sulfur 
to make these amino acids from atmospheric suÌ- 
fur oxides that originated from volcano eruptions 
and the burning of fossil fuels. Thus, there is no 
original source of sulfur on the Earth. Rather, like 
all other elements, the sulfur that is already here 
recycles throuph varlous pathways. Sulfur does 
have an ultimate origin, however—the nuclear 
fuslon occurring in our sun and all other stars. 


.- The airborne sulfur dioxide reacts with oxygen 


and water to form sulfuric acid, which ¡s carried 
to the ground by rainwater. 

Atmospheric nitrogen reacts with atmospheric 
oxygen unđer conditions of extreme heat, such 
as OCcurs in an automobile engine or in the air 
surrounding a liphtning bolt. The balanced 
cquation for this reactlon ¡is Ñ;¿ + O; —> 2 NO. 
Photosynthesis produces oxygen, O„, which 
migrates from the Earths surface to hiph up in 
the stratosphere, where It is converted by the 
energy of ultraviolet lipht to ozone, ©s. Plants 
and all other organisms living on the planetS 
surface benefit from this stratospheric ozone 
because of its ability to shade the planetS surface 
from ultraviolet light coming from the sun. 

No. Close to the Earths surface, ozone decom- 
pOS€S as It reacts with various materials, such 
as pÏants and airborne hydrocarbons. Thus, 

the ozone from automobiles doesnt last long 
enouph to make ít to distant locations, such 

as the stratospheric skies over the South Pole. 
The coating of whitewash keeps visible light out 
O£ the greenhouse so that the temperature inside 
the greenhouse does not get too h¡ph. 
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19. The greenhouse effect works because of the 


atmospheres ability to trap terrestrial radiation. 
If the atmosphere were less able to trap terres- 
trial radiation, the greenhouse effect would be 
weaker and global temperatures would drop. 


Problems 
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You would need to know the total number of 
molecules in 1 liter of air. You would divide the 
number of CC molecules by that total number 
and then multiply the quotlent by 100 to get 
the percentage of CFC molecules. 


(1.25 g/L)(1 mole/28 g) = 0.045 mole 
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Both paper and cooked spaghetti consist of 
many overlapping and intertwined strands. 

In a given length of time, industrial hemp pro- 
duces much more cellulose iber per acre than do 
trees. Hemp plants also contain a much lower 
proportion of lignins, which means that the cel- 
lulose ñbers can be extracted from the hemp 
without the use of harsh chemicals. A disadvan- 
tage to using hemp for making paper is that the 
paper industry is well established at using trees. 
The short-term costs of outftting new machinery 
and other infrastructure would therefore be great. 
Also, there would be political inertia to overcome 
because the hemp plant is a close relative of the 
marijuana plant. Industrial hemp, however, con- 
tains insipnificant amounts of THC, the active 
Ingredient in marijuana. Furthermore, any cross- 
breeding between industrial hemp and marijuana 
would result in a plant that contains smaller 
amounts of THC and hence would not be so 
desirable to the ¡llicit drug community. 


. Ás with any other scientifc endeavor, chance 


played an important role in the development of 
polymers. In all cases, however, there was a sci- 
entist with an open and innovative mind ready 
to recognize and take advantage of a chance 
observation. Charles Goodyear accidently tipped 
sulfur into heated natural rubber to invent vul- 
canized rubber. Christian Schobein inadver- 
tantÌy wiped up a nitric acid spill with a cotton 
rag to create nitrocellulose. Jacques Branden- 
berger thoupht of cellophane as he observed 
stains on tablecloths. Also, as was discussed in 


Chapter 1, Tefon was frst observed when Roy 
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Plunkett sawed open a gas-storage tank looking 
for contents that had “disappeared.” 


. Celluloid and cellophane are both derived 


trom cellulose. The difference between the two 
molecules is that in celluloid every hydroxy] 
group of celluose has been replaced by a nitrate 
group. Cellophane has the same chemical com- 
position as cellulose but has been transformed to 
a HÌm by chemical and mechanical processing. 


- They are made of nitrocellulose, which ¡s the 


highly combustible material used to make gun- 
Cotton. 

Collodion, Parkesine, celluloid, viscose, cello- 
phane, PVC, nylon, Tefon. 

ĐeRnitely not! Metal halides are by no means 
restricted to group l metals. Ín fact, most metals 
are able to form halides. Iron chloride, FeCla, 
and copper chloride, CuC];, are examples. Fig- 
ure 18.19 shows only the most common forms 
of metal compounds. Ïn nature, iron ¡s most 
commonly found as an oxide, and copper 1s 
most commonly found as a sulfide. 

One process that exploits diferences In physical 
properties takes place in the blast furnace when, 
because of its greater density, molten iron sinks 
beneath slag. Another ¡s fotation, a technique 
that takes advantage of the fact that metal sul- 
fñdes are relatively nonpolar and therefore 
attracted to oil. One process that exploits differ- 
ences ¡in chemical properties is the electrolysIs of 
a metal, such as impure copper. Another 1s the 
reduction o£a puriRed metal ore, such as tron 
ore, uIsing carbon as the reducing agent and the 
high temperatures found in a blast furnace. 

The problem ¡s not whether or not we have the 
meral atoms on this planet——we dol “The problem 1s 
in the expense of collecting those metal atoms. Thịs 
expense would be too great if the metal atoms were 
evenly distributed throughout the planet. Ye are 
fortunate, therefore, that there are øeologic forma- 
tions where metal ores have been concentrated by 
natural processes. Bear in mind that ít is only the 
metal atoms that we can extract from the ground 
that we are able to recycle. Ifwe don recycle these 
metal atoms, then down the road weÌÌ have sub- 
stantial shortages of new metal ores from which ro 
feed our ever-growing appetite for metal-based con- 
sumer øoods and building materials. 

Glass is not fragile when it is molten. 

Ceramics are made by heating clay to hịph tem- 
peratures. Clay is made up of microcapsules of 


aluminum oxides and silicon oxides surrounded 
by water. The heating melts the silicon oxides, 
and the molten material then surrounds all 
remaining microcapsules. When the clay cools, 
the silicon oxides solidify, holding the micro- 
capsules together, much like a hardened glue. 


23. Any composite 1s weakest along any directlon In 


which fibers do not run. Plywood ¡s made by 
gluing together thin layers of wood such that 
the grain in one layer runs perpendicular to 

the grain in the layers above and below. This 
arrangement provides great strenpth In two 
directlons. Lay a sheet of plywood Ẩat on the 
ground, however, and there is no grain that runs 
in the vertical direction——in other words, in the 
direction of the sheets thickness. PÏywood is 
therefore relatively weak In this direction, which 
1s why the first step when an old sheet of pÌy- 
wood đeteriorates Is the “unstacking” of the 
once-bound thin layers. 


Chapter 19 


1. One of the reasons a gas turbine is more eflicient 


at penerating electricity 1s that it provides a more 
direct method o£ getting the turbine to rotate. Ín 
a steam turbine, fuel is burned to heat water to 
steam, and it ¡s the steam that cases the turbine 
to rotate. While the water 1s being heated, some 
energy is Invariably lost as heat that escapes to the 
surroundings. In a gas turbine, the hot products 
of combustion are used to turn the turbine. 


. Fossil fuels are made from plants that lived mil- 


lions of years ago. These plants got thetr energy 
from the sun through photosynthesis. Burning 
fossil fuels is therefore an indirect way of using 
solar energy. 


.- In order to produce carbon dioxide, there must 


be carbon. The lower the percentage of carbon in 
a fuel, the less carbon dioxide in the exhaust 
when that fuel is burned. Coal ¡s almost nothing 
but carbon, and so the percentage of carbon Is 
extremely high, close to 100 percent. This means 
burning coal produces much carbon dioxide. 
The carbon percentagce is also hịph in petroleum- 
based fuels. Octane, to take Just one example, 
has eight carbons for every 18 hydrogens, mean- 
¡ng the percentage of carbon by mass 1s about 

84 percent. Ín the molecules that make up natu- 
ral gas, on the other hand, there 1s a lower per- 
centage of carbon. Methane, for example, has 
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one carbon for every four hydrogens, meaning 
the mass percentage of carbon is a relatively low 
75 percent. 


. ]f the control substance loses neutron-absorbing 


power with increasing temperature, then as the 
reactor øets warmer, there Is a DFODOFtionate 
Increase In the number of neutrons available to 
Initlate further fñssion reactlons. lhese are the 
neutrons that the control substance does not 
absorb because of the higher temperature. This 
condition can lead to a runaway reaction. Then 
once the reactor hits a critical temperature, Ís- 
sion reactions escalate to the point of meltdown. 
TodayS reactors have control substances that 
become Øz/£z neutron absorbers with increasing 
temperature, a design that gives the units an 
effective passive safety mechanism. 


- The 1973 OPEC oil embargo was a boon to 


the nuclear power industry. The embargo was 
Instrumenrtal in alerting people to the foolish- 
ness of depending on one source of energy and 
prompred the building of many nuclear power 
plants. Interestinply, there have been no new 
nuclear facilities constructed ¡n the United 
States since that time. 

The fuel supply for nuclear fusion——hydrogen 
Isotopes from the ocean—is orders of magnitude 
øreater than the supply of all other sources of 
energy combined. A nuclear fusion reactor will 
produce no air pollutants and fewer radioactive 
products than present-day fission reactors. 
Although dams produce virtually no chemical 
pollutants, they do radically alter ecosystems, to 
the detriment of many species, including the 


.humans displaced from their homes by the ris- 


ing waters that come behind a dam. 

The moon energy available to us here on the 
Earth is the energy of the tides, which result 
from the gravitational pull between the Earth 
and the moon. Interestingly, the energy from 
the Earth-moon system that øoes into creating 
the tides results in a slowing down of the Earths 
rotation. Back during the time of the dinosaurs, 
a day was only about 19 hours long. In the far, 
far future, a day will be on the order of 46 hours 
long. At that time, the Earth5 spin rate will 
exactly match the rate at which the moon orbits 
the Earth. The result will be that, to future 
Earthlings, the moon will always appear in the 
same location ¡n the sky. 
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17. A nonsolar pool cover helps keep the pool warm 


ID), 


VÀ |, 


55). 


29). 


by reducing the amount of evaporation that 
takes place. 

Pass the drinking water through the hot zone of 
a solar collector. IÝ contained within pressurized 
pIpes, the water would become superheated, and 
pathogens would:be quickly destroyed. A less 
expensive use of solar energy for producing 
drinking water would be to build a solar distilla- 
tion apparatus like the one shown in Figure 
1057119): 

Natural gas,.A or B; wind, B; nuclear fusion, A; 
hydroelectric, B; coal, A. 

The electrons do not travel to the negatively 
charged silicon on their own. They are forced to 
move ¡n this directlon by an external energy 
source. For a photovoltaic cell, this enerey 
source ¡s sunlight, which literally knocks elec- 
trons in the proper direction. 

The electricity generated during the inflow or 
outfow of the tides could be used to produce 
hydrogen from the electrolysis of water. This 
hydrogen could be stored and used to generate 
electricity through a fuel cell during times when 
the tide 1s reversing ¡ts direction. 


Problems 


1. 


First calculate the cost of running the 100-watt 
buÏlb for 1 hour, understanding that 100 watts 
1s the same as 0.1 kilowatt: 


0.1kWx1h=0.1kWh 


15 cents 
IkWh 


0.1 kWhx 


= 1.5 cents 


Then calculcate the cost of running the 20-watt 
bulb for 1 hour, understanding that 20 watts is 
the same as 0.02 kilowatt: 


0.02 kW .IH 00 )lvl 
15 cents 
IkWh 


0.02 kWh x 


= 0.3 cents 


The savings cach hour is therefore ].5 cents — 
0.3 cents = 1.2 cents. This may not seem like 
much, but ¡f 50 million households changed 
just one bulb from a 100-watt incandescent to a 
20-watt ẳuorescent, the total annual savings on 
electric bills would be on the order of 1.2 billion 
dollars! 


Glossary 


absolute zero “The lowest possible temperature any substance 
can have; the temperature at which the atoms ofa substance 
have no kinetic cnergy: 0 K = —273.15°C = —459.7°E 


acid A substance that donates hydrogen ions. 


acidic solution A solution in which the hydronium ion con- 
centration 1s hipher than the hydroxide ion concentration. 


actimde Any seventh-period Inner transition metal. 


activation energy The minimum energy required in order for 
a chemical reaction to procecd. 


addition polymer A polymer formed by the joining together 


of monomer units with no atoms lost as the polymer forms. 


adhesive force An attractive force berween molecules of two 
different substances. 


aerobic bacteria Bacteria able to decompose organic matter 
only in the presence of oxygen. 


aerosol A moisture-coated microscopic airborne particle up to 
0.01 millimeter in diameter that 1s a site for many atmospheric 
chemical reactions. 


agriculture The organizcd use oŸ resources for the production 


of food. 


alchemy A medieval endeavor concerned with turning other 
metals to gold. 


alcohol An organic molecule that contains a hydroxyÏ group 
bonded to a saturated carbon. 


aldehyde An organic molecule containing a carbonylÌ group 
the carbon of which ¡s bonded either to one carbon atom and 
one hydrogen atom or to two hydrogen atoms. 


alkali metal Any group I element. 
alkaline-earth metal Any group 2 element. 
alloy A mixture oÊ two or more metallic elements. 


alpha particle A helium atom nucleus, which consists Of two 
neutrons and two protons and is ejected by certatn radioactive 
elemenrs. 


amide An organic molecule containing a carbonyl group the 
carbon of which ¡s bonded to a nitrogen atom. 


amine An organic molecule containiñg a nitrogen atom 
bonded to one or more saturated carbon atoms. 


amino acid The monomer of polypeptides, consisting of an 
amine group and a carboxylic acid group bonded to the same 
carbon atom. 


amphoteric A description ofa substance that can behave as 
either an acid or a base. 


anabolism Chemical reacuons that synthesize biomolecules in 


the body. 


anaerobic bacteria Bacteria able to decompose organic matter 
in the absence of oxygen. 


analgesic A drug that enhances the ability to tolerate pain 
without abolishing nerve sensations. 


anesthetic Á drug that prevents neurons from transmitting 
sensations to the centraÌ nervous system. 


anode The electrode where oxidation occurs. 


applied research Research dedicated to the development of 
useful products and processes. 


aquffer A soil layer in which groundwater may flow. 


aromatic compound Any organic molecule containing a 
benzene ring. 


atmospheric pressure The pressure exerted on any object 
immersed in the atmosphere. 


atomic mass The mass of an elements atoms, listed in the 
perlodic table as an average value based on the relative abun- 
dance of the elements Isotopes. 


atomic nucleus The dense, positively charged center of 
€evcry atom. 


atomic number Á count of the number of protons in the 
atomic nucleus. 


atomic orbital A region of space in which an electron in an 
atom has a 90 percent chance of being located. 


atomic spectrum The pattern of Írequencies of electromag- 
netic radiation emitted by the atoms of an element, considered 
to be an elements “fñngerprint.” 


atomic symbol_ An abbreviation for an element or atom. 


Avogadros number The number o£ particles—6.02 % 102⁄— 
contained in 1 mole ofanything. 


base A substance that accepts hydrogen Ions. 
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G2 Glossary 


basic research Research dedicatcd to the discovery of the fun- 
damental workings oŸ naturc. 


basic solution A solution in which the hydroxide ion concen- 
tration is higher than the hydronium ion concentration. 


beta particle An electron ejected from an atomic nucleus dur- 
¡ng the radioactive decay of certain nuclei. 


bioaccumulation “The process whereby a toxic chemical that 
enters a food chain at a low trophic level becomes more con- 
centrated in organisms higher up the chain. 


biochemical oxygen demand A measure of the amount of 
oxygen consumed by aerobic bacteria in water. 


biomass A general term for plant material. 


boiling Evaporation in which bubbles form beneath the 


liquid surface. 


bond energy The amount of energy either absorbed as a 
chemical bond breaks or released as a bond forms. 


buffer solution A solution that resists large changes in pH, 
made from either a weak acid and one of its saÌts or a weak 
base and one of its salts. 


capillary acdon The rising of liquid into a small vertical 
space duc to the interplay of cohesive and adhesive forces. 


carbohydrate A biomolecule that contains only carbon, 
hydrogen, and oxygen atoms and is produced by plants 
throuph photosynthesis. 


carbon-l4 dating The process of estimating the age of once- 
living material by measuring the amount of a radioactive iso- 
tope of carbon present in the material. 


carbonyl group A carbon atom double-bonded to an oxygen 
atom, found ¡in ketones, aldehydes, amides, carboxylic acids, 
and esters. 


carboxylic acid An organic molecule containing a carbonyl 
group the carbon of which ¡s bonded to a hydroxyl group. 


catabolism Chemical reactions that break down biomolecules 
in the body. 


catalyst Any substance that increases the rate ofa chemical 
reaction without itself being consumed by the reaction. 


cathode ray tube A device that emits a beam of electrons. 
cathode The electrode where reduction occurs. 


chain reaction A selfsustaining reaction in which the prod- 
ucts of one fission event stimulate further events. 


chemical change During this kind of change, atoms in a sub- 
stance are rearranged to give a new substance having a new 
chemical identity. 


chemical equation A representation of a chemical reaction. 


chemical formula A notation used to indicate the composi- 
tlon ofa compound, consisting of the atomic symbols for the 
different elements of the compound and numerical subscripts 
indicating the ratio in which the atoms combine. 


chemical property A type of property that characterizes the 
ability of a substance to change its chemical identity. 


chemical reaction Synonymous with chemical change. 


chemistry The study of matter and the transformations It can 
undergo. 


chemotherapy The use of drugs to destroy pathogens without 
destroying the animal host.' 


chromosome An clongated bundle of DNA and protein that 
appears in a celÏs nucleus just prior to celÏ division. 


coal A solid consisting o£a tiphtÌÍy bound three-dimensional 
network of hydrocarbon chains and rings. 


coeficient A number used in a chemical equation to Indicate 
either the number of atoms/molecules or the number of moles 
Of a reactant or product. 


cohesive Íorce Án attractive force between two identical 
molecules. 


combinatorial chemistry The production ofa large number 
of compounds in order to increase the chances of ñnding a 
new drug having medicinal value. 


combustion Ấn exothermic oxidation-reduction reaction 
between a nonmetallic material and molecular oxygen. 


composite Any thermoset medium strengthened by the incor- 
poration of ñbers. 


compost Fertilizer formed by the decay of organic matter. 


compound À material in which atoms of different elements 
are bonded to one another. 


concentration Â quantitative measure of the amount of 
solute in a solution. 


conceptual model A representation of a system that helps us 
predict how the system behaves. 


condensation Á transformation from a gas to a liquid. 


condensation polymer Â polymer formed by the joining 
together oŸ monomer units accompanied by the Ìloss of a small 
molecule, such as water. 


conformation One of the possible spatial orientations of a 
molecule. 


consumer Ấn organism that takes in the matter and energy 
of other organisms. 


control test Á test performed by scientists to increase the con- 
cÌusiveness of an experimental test. 


corrosion he deterioration ofa metal, typically caused by 
attaospheric oxygen. 


covalent bond_Á chemical bond in which atoms are held 
together by their mutual attraction for two electrons they 
share. 


covalent compound_ Án element or chemical compound in 
which atoms are held together by covalent bonds. 


critical mass The minimum mass of ñssionable material 
needed in a reactor or nuclear bomb that wilÌ sustain a chain 
reactton. 


decomposer Ân organism in the soil that transforms once- 
living matter to nutrients. 


density The ratio of an objects mass to its volume. 


deoxyribonucleic acid A nucleic acid containing a deoxy- 
genated ribose sugar, having a double helical structure, and 
carrying the genetic code In the nucleotide sequence. 


dipole A separation of charge that occurs in a chemical bond 
because of differences ¡n the eÌlectronegativities of the bonded 
atOms. 


dissolving “The process of mixing a solute in a solvent. 


cffective nuclear charge The nuclear charge experienced by 
outer-shell electrons, diminished by the shielding effect of 
Inner-shell electrons. 


electrochemistry The branch of chemistry concerned with 
the relationship between electrical energy and chemical 
change. 


electrode Any material that conducts electrons into or out of 
a medium in which electrochemical reactions are occurring. 


electrolysis The use of electrical energy to produce chemical 
change. 


electromagnetic spectrum The complete range of electro- 
magnetic waves, from radio waves to gamma rays. 


electron An extremely small, negatively charged subatomic 
particle found outside the atomic nucleus. 


electron configuration The arrangement of electrons in the 
orbitals of an atom. 


electron-dot structure A shorthand notation of the shell 
model of the atom in which valence electrons are shown 
around an atomic symbol. 


electronegativity The ability ofan atom to attract a bonding 
pair of electrons to itself when bonded to another atom. 


element A fundamenrtal material consisting of onÌy one type 
OÊ atom. 


elemental formula A notation that uses the atomic symbol 
and (sometimes) a numerical subscript to denote how atoms 
are bonded ¡n an element. 


endothermic A term that describes a chemical reaction In 
which there is a net absorption of energy. 


energy The capacity to do work. 


energy-level diagram A drawing used to arrange atommic 
orbitals in order of energy levels. 


entropy The total amount of energy contained in a substance 
at a particular temperature divided by that temperaturc. 


enzyme A protein that catalyzes biochemical reactlons. 
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ester Án organic molecule containing a carbonyl group the 
carbon of which ¡s bonded to one carbon atom and to an 
oxygen atom bonded to a carbon atom. 


ether An organic molecule containing an oxygen atom 
bonded to two carbons atoms. 


eutrophication The process whereby inorganic wastes In 
water fertilize algae and plants growing in the water and the 
resulting overprowth reduces the dissolved oxygen concentra- 
tion of the water. 


evaporation Â transformation from a liquid to a gas. 


exothermic A term that describes a chemical reaction In 
which there ¡s a net release of energy. 


fat A biomolecule that packs a lot of enerey per gram 
and consists of a glycerol unit attached to three fatty acid 
molecules. 


formula mass lhe sum of the atomic masses of the atoms ïn 
a chemical compound or element. 


freezing A transformation from a liquid to a solid. 


functional group A specific combination of atoms that 
behave as a unit in an organic molecule. 


gamma ray Hiph-energy radiation emitted by the nuclei of 
radioactive atoms. 


gas Matter that has neither a definite volume nor a definite 
shape, always flling any space available to It. 


gene cloning The technique of incorporating a gene from 
one organism into the DNA of another organism. 


gene A nucleotide sequence in the DNA strand in a chromo- 
some that leads a cell to manufacture a particular polypeptide. 


glycogen A glucose polymer stored in animal tissue and also 
known as animal starch. 


greenhouse effect The process by which visible light from the 
sun is absorbed by the Earth, which then emits infrared energy 
that cannot escape and so warms the atmosphere. 


group A vertical column ¡in the periodic table, also known as 
a family of elements. 


haÏf reaction One portion of an oxidation-reduction reac- 
tion, represented by an equation showing electrons as either 
reactants or products. 


balfFlife The time required for haÏf the atoms in a sample of a 


radioactive isotope to decay. 
halogen Any group 17 element. 


heat The energy that fows from one object to another 
because of a temperature difference between the two. 


heat of condensation The energy released by a substance as It 
transforms from gas to liquid. 


heat of freezing The heat cnergy released by a substance as it 
transforms from liquid to solid. 
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heat of melting “The heat energy absorbed by a substance as 
it transforms from solid to liquid. 


heat of vaporization The heat energy absorbed by a sub- 
stance as it transforms from liquid to gas. 


heteroatom Any atom other than carbon or hydrogen in an 
organic molecule. 


heterogenceous mixture A mixture in which the various 
components can be seen as individual substances. 


homogeneous mixture A mixture in which the compo- 
nents are so fincly mixed that the composition 1s the same 
throughout. 


humus “The organic matter of topsoll. 


hydrocarbon A chemical compound containing only carbon 
and hydrogen atoms. 


hydrogen bond A strong dipole-dipole attraction between a 
slightly positive hydrogen atom on one molecule and a palr of 
nonbonding electrons on another molecule. 


hydrologic cycle The natural circulation of water throughout 
our planet. 


hydronium ion A water molecule after accepting a hydro- 
gen Ion. 


hydroxide ion A water molecule after losing a hydrogen ion. 


Impure The state ofa material that is a mixture of more than 
one element or compound. 


induced dipole A dipole temporarily created in an otherwise 
nonpolar molecule, induced by a neiphboring chargc. 


industrial smog_ Visible airborne pollution, containing large 
amounrs of particulates and sulfur dioxide and produced 
largely from the combustion of coal and oil. 


inner transition metal Any clement in the two subgroups 
of the transition metals. 


inner-shell shielding The effect whereby inner-shell 
electrons diminish the nuclear charge experienced by outer- 
shell electrons. 


insoluble Not capable of dissolving to any appreciable extent 
in a given solvent. 


integrated crop management A whole-farm strategy that 
Involves managing crops in ways that suit local soil, climatic, 
and economic conditions. 


intepgrated pest management A pest-control strateey that 
emphasizes prevention, planning, and the use of a variety of 
p€st-control resources. 


lon Án electrically charged particle created when an atom 
either loses or gains one or more eÌlectrons. 


lonic bond A chemical bond in which an attractive electric 
force holds ions oF opposite charge together. 


ionic compound Any chemical compound containing ions. 


ionization energy The amount of energy required to remove 
an electron from an atom. 


isotope Atoms of the same element whose nuclei contain the 
same number of protons but different numbers of neutrons. 


ketone An organic molecule containing a carbonyl group the 
carbon of which ¡s bonded to two carbon atoms. 


kilowatt-hour The amouùt of energy consumed in 1 hour 
at a rate of 1 kilowatt. 


kinetic energy Energy due to motion. 
lanthanide Any sixth-period inner transition metal. 


law of defnite proportions A law stating that clements 
combine In definite mass ratios to Íorm compoundb, 


law of mass conservation A law stating that matter ¡s neither 
created nor destroyed in a chemical reaction. 


leachate A solution formed by water that has percolated 
through a solid-waste disposal site and picked up water-soluble 
substances. 


lipid A broad class of biomolecules that are not soluble in 
WALT. 


liquid Matter that has a definite volume but no defnite 
shape, assuming the shape of its container. 


lock-and-key model A model that explains how drugs inter- 
act with r€C€ptOr sit€s. 


mass number The number of nucleons (protons and 
neutrons) in the atomic nucleus. sed primarily to identify 
ISOtOD€S. 


mass The quantitative measure of how much matter an object 
COntaIns. 


matter Ânything that occupies space. 
melting À transÍormation from a solid to a liquid. 


meniscus The curving of the surface ofa liquid at the inter- 
face between the liquid surface and its container. 


metabolism The general term describing all chemical reac- 
tions in the body. 


metal An element that ¡s shiny, opaque, and able to conduct 
electricity and heat. 


metallic bond A chemical bond in which the metal ions in a 
pIece of solid metal are held together by their attraction to a 
“Huid” of electrons in the metal. 


metalloid An element that exhibits some properties of metals 
and some properties of nonmetals. 


microirrigation A method of delivering water directly to 
plant roots. 


mineral Inorganic chemicals that play a wide variety of roles 
In the body. 


mixed fertilizer A fertilizer that contains a mixture of the 
plant nutrients nitrogen, phosphorus, and potassium. 


mixture Â combination oŸ two or more substances in which 
cach substance retains its properties. 


molar mass le mass of l mole of a substance. 


molarity Â unit oŸ concentration equal to the number of 
moles of a solute per liter of solution. 


mole 6.02 X 1023 of anything. 


molecule A group of atoms held tightÌy together by covalent 
bonds. 


monomer The small molecular unit from which a polymer is 
formed. 


natural gas A mixture of methane plus small amounrs of 
ethane and propane. 


neuron Â specialized cell capable of receiving and sending 
electrical impulses. 


neurotransmitter re-uptake A mechanism whereby a presy- 
naptic neuron absorbs neurotransmitters from the synaptic 
cleft for feuse. 


neurotransmitter Án organic compound capable of activating 
T€Ceptor sites on proteins embedded ¡in the membrane of a 
ncuron. 


neutral solution Á solution in which the hydronium ion con- 
centration ¡s equal to the hydroxide ion concentration. 


neutralization A reaction ¡in which an acid and base combine 
to form a saÏÌt. 


neutron An clectrically neutral subatomic particle of the 
atomic nucleus. 


nitrogen fxation A chemical reaction that converts atmos- 
pheric nitrogen to some form oÝ nitrogen usable by plants. 


noble gas Any group l8 element. 


nonbonding pair IWwo paired valence electrons that dontt par- 
ticipate ¡n a chemical bond and yet infuence the shape of the 
molecule. 


nonmetal An clement that ¡s located toward the upper ripht 
of the periodic tabÌe and is neither a metal nor a metalloid. 


nonpoint source A pollution source ¡n which the pollutants 
originate at different locations. 


nonpolar bond_A chemical bond having no dipolc. 


nuelear fñssion The splitting ofa heavy nucleus Into two 
lighter nuclei, accompanied by the release of much energy. 


nuclear fusion The joining together of light nuclei to Íorm a 
heavier nucleus, accompanied by the release of much energy. 


nucleic acid A long polymeric chain of nucleotide monomers. 


nucleon Any subatomic particle found in the atomic nucleus. 
Another name for etther proton or neutron. 


nucleotide A nucleic acid monomer consisting of three parts: 
a nitrogenous base, a ribose sugar, and an ionic phosphate 


ð10UP. 
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ore À geologic deposit containing relatively hiph concentra- 
tions of one or more metal-containing compounds. 


organic chemistry The study of carbon-containing com- 
pound:. 


organic farming Farming without the use of pesticides or 
synthetic fertilizers. 


osmosis The net fow of water across a semipermeable mem- 
brane from a repion where the solute concentration is low to a 
region where the solute concentration is hipher. 


oxidation-reduction reaction Â reaction involving the trans- 
fer of electrons from one reactant to another. 


oxidation The process whereby a reactant loses one or more 
electrons. 


particulate An airborne particle having a diameter øreater 
than 0.01 millimeter. 


period A horizontal row in the periodic table. 


periodic table A chart in which all known elements are 
organized by physical and chemicaÌ properties. 


periodic trend The gradual change of any property in the 
elements across a period. 


petroleum A liquid mixture of loosely held hydrocarbon 
molecules conraining not more than 30 carbon atoms each. 


pH A measure of the acidity ofa solution, equal to the 
negative of the base-10 logarithm of the hydronium Ion 
COnC€ntration. 


phenol An organic molecule ¡in which a hydroxyÌ group is 
bonded to a benzene ring. 


pheromone An organic molecule secreted by insects to 
communicate with one another. 


photochemical smog Airborne pollution consisting of 
pollutants that participate in chemical reacuons induced by 


sunlight. 
photoelectric efect The ability of light to knock electrons 


Out Of atoms. 


photon Another term for a single quantum of light, a name 
chosen to emphasize the particulate nature of light. 


physical change A change in which a substance changes its 
physical properties without changing ¡ts chemical identity. 


physical dependence A dependence characterized by the necd 
to continue taking a drug to avoid withdrawal symptoms. 


physical model A representation ofan object on a different 
scale. 


physical property Any physical attribute of a substance, such 


as color, density, or hardness. 


point source Â SpecIfic, well-deRned location where pollu- 
tants enter a body of water. 


polar bond A chemical bond having a dipole. 
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polyatomic ion A molecule that carries a net electric charge. 


polymer A long organic molecule made of many repẻating 
unItS. 


potential energy Stored energy. 
power The rate at which energy is expended. 
precipitate A solute that has come out of solution. 


principal quantum number ø An integer that specifies the 
quantized energy level of an atomic orbital. 


probability cloud “The pattern of electron positlons plotted 
over time to show the likelthood of an electrons being at a 
8ï1ven positlion at a given time. 


producer An organism at the bottom of a trophic structure. 


product Â new material formed in a chemical reaction, 
appearing after the arrow in a chemical equation. 


protein A polymer of amino acids, also known as a poly- 


peptuide. 


proton A positively charged subatomic particle of the atomic 
nucleus. 


psychoactive Said ofa drug that affects the mind or behavior. 


psychological dependence A deep-rooted craving for a drug. 


pure The state ofa material that consists of a single element 
or compound. 


Ì quantum hypothesis The idca that lipht energy is contained 
\in discrete packets called quanta. 


quantum Â small, discrete packet of light energy. 


radioactivity The tendency of some elements, such as ura- 
nium, to emit radiation as a result of changes in the atomic 
nucleus. 


reactant Â starting material in a chemical reaction, appearing 
before the arrow in a chemical equation. 


reaction rate Â measure of how quickly the concentration of 
products in a chemical reaction increases or the concentration 
Of reactants decreases. 


recombinant DNA A hybrid DNA composed of DNA strands 
from different organisms. 


reduction “The process whereby a reactant gains one or more 
electrons. 


rem Â unit for measuring radiation dosage, obtained by 
multiplying the number of rads by a factor that allows for the 
different health effects of different types of radiation. 


replication “The process by which DNA strands are 
duplicated. 


reverse osmosis A technique for purifying water by forcing it 
throuph a semipermeable membrane. 


ribonucleic acid A nucleic acid containing a fully oxygenated 
ribose sugar, 


saccharide Another term for carbohydrate. ]he prefixes 
7wøzø-, đ-, and poÙj- are used before this term to indicate the 


length of the carbohydratc. 


salinization The process whereby irripated land becomes 
salrler. 


salt An ionic compound formed from the reaction between an 
acid and a base. 


saturated hydrocarbon A hydrocarbon containing no multi- 
ple covalent bonds, with each carbon atom bonded to four 
other atoms. 


saturated soluton A solution containing the maximum 
amounrt of solute that will dissolve. 


science An organized body o£ knowledge about nature. 


scientiic hypothesis A testable assumption ofrten used to 
explain an observed phenomenon. 


scientifc notation Â system for expressinpg numbers as some 
value between 1.00... and 9.99... multplied by an appro- 
prlate power of 10. 


scentific law Any scientifc hypothesis that has been tested 
over and over again and has not been contradicted. Also 
known as a sclentifc principle. 


semipermeable membrane A membrane that allows water 
molecules to pass throuph its submicroscopic pores but not 
solute molecules. 


significant fñgure Any of the digits in a measured value that 
are known with certainty plus one digit that is estimated from 
the scale shown on the measuring device. 


soil horizon A layer of soil. 
solid Matter that has a deÑnite volume and a deÑnite shape. 


solubility The ability ofa solute to dissolve in a given 
solvent. 


soluble Capable of dissolving to an appreciable extent in a 
g1ven solvent. 


solute Any component in a solution that is not the solvent, 


solution A homogeneous mixture in which alÌ components 
are in the same phase. 


solvent The component in a solution present in the largest 
amount. 


specific heat The quantity of heat required to change the tem- 
perature of Ï gram of a substance by 1 Celsius degree. 


spectroscope Á device that uses a prism or diffraction grating 
to separate light into is color components. 


steel Iron strengthened by small percentages of carbon. 
straipht fertilizer A fertilizer that contains only one nutrient. 


stratosphere The atmospheric layer that lies Immediately 
above the troposphere and contains the ozone layer. 


lì 


strong nuclear force The force of interaction between all 
nucleons, effective only at very, very, very close distances. 


structural isomers Molecules that have the same molecular 
formula but different chemical structures. 


sublimation The process ofa material transforming from 
a solid to a gas without passing through the liquid phase. 


submicroscopic The realm of atoms and molecules, where 


objects are smaller than can be detected by optical micro- 
SCOP€S. ` 


substituent An atom or nonbonding pair of electrons sur- 
rounding a central atom. 


superconductor Any material having zero electrical resistance. 
surface tension The elastic tendency found at the surface of 
a liquid. 

suspension A homogeneous mixture ¡in which the varlous 


componenrs are in different phases. 


synaptic cleft A narrow gap across which neurotransmitters 
p2Ss either from one neuron to the next or from a neuron to a 
muscle or gland. 


synergistic efect One drug enhancing the effect of another. 


temperature How warm or cold an object 1s relative to some 
standard. Also, a measure of the average kinetic energy per 
molecule of a substance, measured ¡in degrees Celsius, degrees 
Fahrenheit, or kelvins. 


theory A comprehensive idea that can be used to explain a 
brọad range of phenomena. 


thermodynamics The area of sclence concerned with the role 
of energy in chemical reactions. 


thermometer Án instrument used to measure tenperature. 


thermonuclear fusion Nuclear fusion produced by hiph 
temp€rature. 


transcription The process whereby the genetic information 
of DNA is used to specify the nucleotide sequence of a comple- 
mentary single strand of messenger RNA. 


transgenic organism An organism that contains one or more 
genes from another species. 
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transition metal Any element of groups 3 through 12. 


translation The process of bringing amino acids together 
according to the codon sequence on mRNA. 


transmutation The conversion of an atomic nucleus of one 
element to an atomic nucleus of another element through a 
Ìoss or gain of protons. 


trophic structure The pattern of feeding relationships in a 
community oÊ organisms. 


troposphere “The atmospheric layer closest to the Earth5 sur- 
face, containing 90 percent of the atmospheres mass and 
essentially all water vapor and clouds. 


unsaturated hydrocarbon A hydrocarbon containing at least 
one multiple covalent bond. 


unsaturated solution A solution that will dissolve additional 
solute if ¡t is added. 


valence electron An electron that 1s located in the outermost 
occupied shelÏ in an atom and can participate in chemical 


bonding. 
valence shell 'The outermost occupied shell of an atom. 


valence-shell electron-pair repulsion A model that explains 
molecular geometries in terms of electron pairs striving to be 
as far apart from one another as possible. 


vitamin Organic chemicals that assist in various biochemical 
reactons in the body and can be obtained only from food. 


volume The quantity of space an object OCCupIes. 


water table The upper boundary ofa soils zone of saturation, 
which ¡s the area where every space between soil particles is 
flled with water. 


watt A unit for measuring power, equal to l joule of energy 
expended per second. 


wave frequency Á measure of how rapidly a wave oscillates. 
The higher this value, the greater the amount of energy in the 
Wave. 


wavelength The distance between two crests of a wave. 


weight The gravitational force of attraction between two 
bodies (where one body ¡is usually the Earth). 
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Chapter 8 

Chapter Opener: Kirk Weddle; 8.1 John Suchocki; 8.3 (a and b) 
Tom Pantages; 8.4 Nuridsany et Perennou/Photo Researchers, Inc.; 
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Researchers, Inc.; 9.17 (top) E. R. Degginger/Photo Researchers, 
[nc., (bottom) Jon Lemker/Earth Scenes; 9.19 NASA/SKA Photo- 
files; 9.21 John Suchocki; 9.22 John Suchocki; 9.24 Rachel Epstein/ 
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Chapter Opener: David Harris; 10.1 (a) M. P. Gadomski/Photo 
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Grant/PhotoEdit, (b, c, d) Rachel Epstein/SKA; 10.5 Rachel 
Epstein/SKA; 10.9 (a, b, c) Tom Pantages; 10.13 (a, b) Tom 
Pantages; 10.14 (a) (left, right) M. Bleier/Peter Arnold, Inc, 

(b) Will McIntyre/Photo Researchers, Inc.; 10.16 Tom Pantages; 
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Suchocki; 11.9 Leonard Lesson/Peter Arnold, Inc; 11.12 Xcellis 

Fuel Cell Engines, Inc.; 11.13 C. Liu, et al., “Single-Walled Carbon 
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11.14 John Suchocki; 11.16 Frank Siteman/Stock, Boston; 
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15.7 K.W. Fink/Photo Researchers, Inc.; 15.12 Rachel Epstein/SKA; 
15.14 (top: left) G. §. Grant/Photo Researchers, Inc., (ripght) Norm 
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15.31 Joe Munroe/Photo Researchers, Inc.; 15.32 A. C. Smith III/ 
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WiI McIntyre/Photo Researchers, Inc., (b) Rachel Epstein/SKA; 
16.16 Rachel Epstein/SKA; 16.20 Doug Sokell/Visuals Unlimited; 
16.21 City and County of Honolulu; 16.24 City of St. Helena, 
California; 16.25 EcoGam. Concept Check: p. 548 (left) \W. A. 
Banaszewski/Visuals Unlimited; (ripht) Jim Zipp/Photo Researchers, 
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Chapter Opener: NASA/Photo Researchers, Inc.; 17.3 NASA; 

17.4 NOAA; 17.6 (top, bottom) PPC Industries; 17.9 Rachel 
Epstein/SKA; 17.10 Asrid & Hans-Frieder Michler/Photo 
Researchers, Ínc.; 17.11 Englehard Corporation; 17.12 CORBIS; 
17.16 JPL; 17.17 NASA; 17.21 (a) Michael Sewell/Photo 
Researchers, Inc., 17.21 (b) A. ]. Gow/US Army Cold Regions Lab; 
17.24 (left) Tony Buxton/Photo Researchers, Inc., (ripht) B & C 
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Volker Steger/Photo Researchers, Inc., (bottom) Argonne Natlonal 
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Hollyman/Photo Researchers, Inc.; 18.3 Rachel Epstein/SKA; 

18.4 Peter Arnold, Inc.; 18.5 Paolo Koch/Photo Researchers, Ínc.; 
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18.10 Greenwood Communications AB; 18.11 Leonard Lessin/ 
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Elk/Getty Images; 18.30 Greg Pease/Getty Images; 18.31 Rachel 
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Texas A&M Universiry, (b) GEOMAR; 19.6 Lawrence Thornton/ 
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Zurek/FPG; 19.11 John Suchocki; 19.14 Photo Researchers, Inc.; 
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Liu/China Stock; 19.21 (a, b) National Energy Lab, Hawali; 

19.23 Ken Ross/FPG; 19.24 Phillip Jon Bailey/Stock, Boston; 

19.25 Future Energy Resources Corp., Norcross, GA; 19.26 Bruce 
Wellman/Stock, Boston; 19.27 Westinghouse Electric; 19.28 Peter 
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Photo Researchers, Inc.; 19.39 Nathan Lewis. Hands-On Chemistry: 
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air, 214, 567, 561—562; se 2ø atmosphere 
air polluton 
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574 
antibiotics, 458, 459 
antibodies, 416 
anticodons, 428, 428, 429 
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arteriosclerosis, 488 
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atmospheric pressure, 561, 584 
carbon dioxide concentrations, 5/6, 
576-579, 578, 579 
chemical composition, 51, 57, 560, 567 
chemical reactions from lightning, 265, 265 
condensation, 254 
density, 561-562 
greenhouse gases, 327, 327, 575, 575-581, 
576, 578, 579 
structure, 560, 560-564, 563 
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4 2o atomic models 
ATTP (adenosine triphosphate), 435-436, 426, 
437 
atrazine, 514, 5/5 
automobiles 
ceramics in, 610, 670 
fuel cells in, 349-350, 350 
hybrid combustion-electric, 653 
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oxidation-reduction reactions in, 344-347, 
3⁄46 
recharpeable, 347, 348 
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formation, 364-365 
fuel cells and, 652 
global distribution, 627 
molecular structure, 622, 622 
predicted consumption, 679 
purifcation, 624. 624-625, 625 
se 2o fossil fuels 
cobalt oxide, 608 
cocaine, 313-314, 314, 473, 473, 474. 484 
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dihydrofolic acid, 465, 465 
dimethyl ether, 375, 375 
Dioscorides, 45 I 
dioxins, 513—514, 5/4, 589 
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disaccharides, 422, 402-403, 403 
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lock-and-key model, 454, 454-457, 455 
neurotransmitters, Z0, 470-471 
protease inhibitors, 462, 462 
suimulants, 471~476, 472, 473, 474, 475, 
476 
sulfa, 458, 459 
dry-cell batteries, 344-347, 346 
ductile materials, 57 
dust storms, 517, 577 


E 
Eastman, George, 593 
efective nuclear charge, 160-161, 767, 762 
Einstein, Albert, 123 
Einsteins equation, 123-126, 724, 125, 146 
electrical resistance, 610 
electrical synapses, 492 
electric charge 
calculation by MIlikan, 85, 85—86 
electrons, 85, 85—86 
in tonic solids, 180181 
IeJfS J//l6n Jÿ@—j|/44, J7 
nuclear forces and, 708, 110—111 
protons, 89, 89 


electricity 
from biomass fuels, 641, 6⁄7 
as Carrier Of energy, 619 
from coal, 625 
dry-cell batteries, 344-347, 346 
electric generators, 6/8, 618-619 
fuel cells, 347-351, 346, 3⁄49 
geothermal energy, 637-639, 638 
hydroelectric power, 635, 635-636, 636 
kilowatt-hours, 679, 619-620 
from natural gas, 627 
from nuclear fssion, 629, 629, 631-632, 
632 
ocean thermal energy conversion, 626, 
636-637, 637 
from ocean tides, 639 
from oxidation-reduction reactions, 343, 
3⁄3, 344 
photovolraics, 647-650, 648, 649 
projected consumption, 632, 652-653, 653 
solar thermal electric generation, 6⁄3, 
643-644 
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potential, 17-18, 78, 284-287, 285, 287 
relationship to mass, 123-126, 724, 125 
units, 19, 619-620 
sec 2Ï§ø ©nergy resOUrC€s 
energy barrlers, 278, 278 
energy-level diagrams, 152—156, 753 
energy resources, 6l7—653 
biomass, 639-642, 647 
electric generators, 678, 618—619 
fossil fuels, 99, 324, 576-579, 579, 
620-628 
geopressured brine, 639 
geothermal energy, 637-639, 638 
hot dry rock energy, 638 
hydrogen fuel cells, 657, 651652 
kilowatt-hours, 67/9, 619-620 
from nuclear fñssion, 628-632, 629, 632 
nuclear fusion, 726, 126-128, 128, 626, 
632-634, 635 
ocean thermal energy conversion, 626, 
636-637, 637 
ocean tides, 639 
photovoltaics, 647-650, 648, 642 
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covalent bonding, 183, 782 
1ons, 178 
temporary dipoles, 210, 270 


l6 Index 


ÂRuorite, 787 
5-Huorouracil, 464, 46⁄4 
folic acid, 58, 458-459 
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polymers, 382-391, 384-385 
stíck structures, 363, 363 
unsaturated hydrocarbons, 367, 367-369, 
3ó8, 369 


I10 


Index 


organic farming, 519-520, 520 
organic matter, soil, 593, 503-504, 504, 507 
organophosphorus pesticides, 512, 5/2 
osmosis, 547, 54I—543, 542 
osmotic pressure, 542, 5⁄2 
OTEC (ocean thermal energy conversion), 
636, 636-637, 637 
oxidation, defnition o£ 338 
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fuel cells, 347-351, 348, 349 
hal£reactions, 338 
metal corrosion, 353-355, 35 
metal reining, 603 
overview, 338-339, 339 
in photography, 339-342, 3⁄40 
oxides, 600, 601, 601, 604-605, 605 
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polyunsaturated fats, 412, 72 
polyvinyl acetate (PVA), 384 
polyvinyl chloride (PVC), 384 387, 387, 
392, 596—597 
polyvinylidene chloride (Saran), 384, 387, 
70/7201) 1109/2)/710917/4 
ponds, freezing process in, 2⁄5, 246-246 
Postsynaptic neurons, 468, 468, 472, 474 
potash (potassium carbonare), 60 
pOtassium 
dietary, 435, 4235 
in glass, 608 
as plant nutrient, 200, 500-501 
spectral pattern, ƒ47 
potassum-40, 105 
potassium chloride, 373 
POtassium chromate, 44, 44 
potassium iodide, 780 
pOtassium nitrate, 313 
potential energy, 17-18, 7ổ, 284-287, 269, 
287 
power, 619 
precipitates, 22] 
precision, A6, 46 
prednisone, 412 
prefixes 
hydrocarbons, 362-363, 3ó2 
metric units, l2—13, 72 
PremAir catalyst-coated radiator, 570, 20 
Pr€ssure 
atmospheric, 561, 584 
blood, 488-489 


boiling and, 255, 255-257, 256 
gas solubiliry and, 221-223, 222 
osmotic, 542, 542 
Pressure cookers, 25ố 
Priestley, Joseph, 74, Z4 
prIimary structure, 415-416, 77 
primary treatment, 550, 550—55] 
principal quantun number, 144, 156 
prlsms, 739 
probability clouds, 148-150, 749 
procaine (Novocaine), 84 
producers, 496, 97 
products, reaction, 266, 275; se£ z/šø chemical 
T€ACtIOns 
progesterone derivatives, 465-466, 466 
proline, Z7 
proof£ in alcohol, 373 
propane, 627, 627 
2-propanol, 287, 296, 372, 373 
propranolol (Inderal), 489, 489 
proprionaldehyde, 376 
prostaglandins, 485, 485, 486 
protease Inhibitors, 462, ó2 
proteins, 413-421 
amino acids, 413, 413-415, 414-415 
enzymes, /ó, 420, 420-421 
examples of, 4I6 
structure, 4l5-—420, 477, 418, 419 
synthesis of, 2ó, 426-430, 427, 428, 429 
protons 
electric charge on, 89, 89 
mass, 90, 90 
nuclear forces on, 108—111, 709, 770 
Proton-proron repulsion, 706, 108—109 
Proust, Joseph, 76 
pseudoephedrine, 471, Z2 
psychedelics, 477-478, 4Z6, 479 
psychoactive drugs, 471—483 
cannabinoids, 477, 479, 479-480 
depressants, 480, 480-483, 4@1, 482 
hallucinogens, 477-478, 476, 4Z9 
stimulants, 471-476, 4Z2, 4Z3, 4Z4, 475, 
476 
psychological dependence, 467 
pPteroenone, 7, Z 
P-tpe silicon, 6⁄8, 648-650, 649 
pure materials, 54, 54-55 
putrescine, 3 
Pyrex glass, 608 


Q 

quantum, 142, 742 

quantum hypothesis, 142, 142 

quaternary structure, 4l5, 417, #19, 419-420 
quinine, 45] 


R 
radar, 595—596 
radiation, 100, 700, 702, 102-104; s¿¿ 2ø 
radIoactIvity 
radioactive wastes, 122—123, 630 
radioactivity 
alpha particles, J0), 1072-15), JÑ05), TẤN J012) 
beta particles, 702, 102-103, 703, 
IIl22=I| i6, J7 
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gamma rays, 702, 102-103, 193, 119, 719, 
138 
half-lives, 114, 77, 116 
isotopic dating, 116-118, 777 
natural exposure, 7, 104-107, 705 
nuclear fusion, 126, 126-128, 128, 62, 
632-634, 635 
products of, 702, 102-103 
radioactive decay, 708, 108-111, 709, 170, 
114, 116 
Rutherford on, 88 
tracers and medical imaging, 706, 106-108, 
108 
transmutation, ]111—I113, 772, 113 
sec 2ø nuclear ñssion 
radiotracers, 106, 706 
radio waves, 138, /3# 
radium, 714 
radon-222, 106, 7đó, 538 
rainbow glÌasses, 140 
rainfall, acidic, 323-327, 324, 325 
Tat€S Of r€AaCtiON; s££ reaction rates 
rayon, 594, 59⁄4 
reactants, 266, 275; se z/o chemical reactions 
T€aCtlon rat€s 
activation energy, 278, 278 
catalysts and, 280, 280-282, 287 
concentration and temperature effects, 
273-279, 274, 276, 277, 278, 279 
molecular orientation and, 276, 276 
reactions; s£ chemical reactions 
receptor sites, 20, 447, 454-455, 4255 
rechargeable batteries, 347, 348 
recombinant ĐNA, 43!, 432, 432-433 
recycling, 591, 601—603 
recycling codes, 384 
reducing agents, 338, 339 
reduction, defnition oÉ, 338; s¿£ 2ø oxida- 
tion-reduction reactions 
refrigeration, 257 
remote sensing, 521, 221 
rems, 104-105, 705 
replicatlon, 424, 425 
reproducibility, 7—8 
research, basic zs. applied, 3, 4 
respiratlon, 436 
Responsible Care program, 3, 3—4 
restriction enzymes, 430-432, 431 
reverse osmosis, 547, 54]—543, 542, 543 
rhodium catalysts, 570 
ribose sugar, 421, 436 
ribosomes, 428, 429 
rice, 261, 268, 495 
rigor mortis, 436 
RNA (ribonucleic acid), 426-430 
messenger RA, 426, 426-427, 429 
protein synthesis, 426, 426-430, 427, 428, 
429 
structure, 422, 422 
transfer RNA. 428, 426, 429 
in viruses, 460, 460 
Roentgen, Wilhelm, 100 
rosin, 588—589, 589 
Round-up, 514-515, 275 
Rowland, E Sherwood, 571, 571-572 
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RU-486 (mifepristone), 466, 466 
rubber, 597, 591—592, 592, 595—596 
rubbing alcohol, 287, 296 

rubidium, 753 

rubies, 181, 18, 213-214 

rust 353-354, 35⁄4 

Rutherford, Ernest, 8“, 87-88, 68, 102 
Rydberg, Johannes, l4] 


S 
Sacagawea dollar coin, 600, 60 
saccharides, 401, 401, 403; see zlø carbohy- 
drates ` 
St. Helena, CA wastewater trearment, 552 
salicvlic acid, 380, 387 
saliniy, 518, 5/8 
salinization, 518, 578 
saÌt: se sodium chloride 
salt bridges, 343-344, 345, 417 
saÌtpeter (sodium nitrate), 221, 227, 313, 507 
salrs, 312-314, 373, 374, 600, 600-601 
sand, specifc heat capacity of, 262 
sapphires, 181, 787, 214 
Saran (polyvinylidene chloride), 384, 387, 
a0). 
sarurated fats, 477, 411-412, 412 441-443 
saturated hydrocarbons, 367, 367, 409 
saturated solutons, 2lá, 2/4, 219, 22¡, 
221-223 
Saudi Arabia, desalinization plants in, 522 
scanning tunneling microscopes (STÌMs), ¿39, 
135-136 
Schobein, Christian, 592 
Schrodinger, Erwin, 148 
SClence 
deRniuon, 5 
limitadons o£, 9—10 
reproducibiliry, 7—8 
scientifc process, 5, 5-7 
theories, 9 
sclentifc laws, 72 
scientiic notation, A1—~A3 
scientifc process, 5, 5—7 
scrubbers, 565, 565, 624-625, 625 
scurvy, 433 
sea butterfy (Cowe amtarctrc4), 6, 7, Z 
S€4 WAI€T: ¡£€ OCcan 
secondary structure, 415-417, 417 
secondary treatment, 551, 55 
selective breeding, 495 
selenium, 608-609 
semiconductors, 58 
semipermeable membranes, 547, 541-542, 
1342.543 
Semon, ÑWaldo, 596 
Sen, Âmartya, 525, 525 
serine. 474 
serotonin, Z0, 470-471, 477, 478 
sevoẨurane, 483, 484 
sewase, 54/—548, 546, 549-553, 550, 551, 
b2 
sexually transmitred diseases, 225, 460-462, 
461 
shape, molecular, 186-191, 787, 788, 190 
shellac, 593—594 


shells, 156-159, 157, 158, 159, 174, 
174-178 
showers, water usaøe by, 53ó, 553 
sickle-cell anemia, 416, 476 
signifcant ñgures, A5—A7 
S/ent Sprine (Carson), 510, 510 
silicon 
in glass, 608 
n-type z. p-tpe, 66, 648-650, 649 
properties, 57, 58 
in slag, 604-605, 605, 607 
silicon carbide, 609 
silicon nirride, 609—610, 670 
sllver, 5Z4 341, 358-359 
simple carbohydrates, 401-403 
sizzling fars, 443, 448 
sỈag, 604-605, 605, 607 
smog, 566-569, 567, 569 
smoking, 106, 475-476, 476, 477 
snowflakes, 239, 239 
SOap 
chemical structure, 225—226, 226, 227 
1n hard water, 22đ, 228-230, 229 
as Insecticide, 513, 527 
surface tension and, 248, 24®@ 
see ao detergents 
sodium, á8, 48, 435, 435, 467, 467 
sodium bicarbonarte, 40, 0, 330 
sodium carbonate, 228, 229 
sodium chloride 
In aqueous solution, 20ó, 206-207, 207, 
296-297 
evaporauon ponds, 53 
formation o£ 48, 4#, 313 
freezing point of water and, 242, 242 
as Ionic compound, 779, 179-182, 782 
salt substirutes and, 373 
specifc heat capacity of 261, 268 
sodium cyanide, 313 
sodium dodecyl benzenesulfonate, 227, 227 
sodium ÂÑuoride, 780, 313 
sodium hydroxide, 226, 309, 309, 313 
sodium lauryl sulfate, 227, 227 
sodium nitrate, 221, 227, 313, 507 
sodium thiosulfate, 342 
sofít drinks, 222, 222-223, 378, 475 
soil 
conservation, 517 
erosion, 517, 577 
fertilizers, 507-508, 528 
global warming and, 580 
horizons, 522, 502—503 
nitrogen in, 99, 499—500 
nutrienr retention, 524, 504-506, 505 
pH. 326, 330, 330-331, 504-506, 505, 52~ 
salinity, 518, 578 
saturatlon, 533 
structure, 592, 502-503, 593 
solar disullation, 540-541, 547 
solar energy 
photovolraics, 647-650, 648, 649 
solar heat, 642, 642-643 
solar thermal electric generation, 643, 
643-644 
wind power, 644-647, 645, 646, 647 


Solar II power plant (Barstow), 65 
solar pool cover experiment, 644-645, 655 
solar thermal electric generation, 6⁄2, 
643-644 
solids, 22, 22-25, 24 
solid solutions, 213—214 
solid-waste disposal sites, 546, 546 
solid-waste Incinerators, 64] 
solubility, 218-225 
ofalcohols, 219, 279, 375 
of gases, 5ï, 221-223, 222 
overview, 218-220, 279 
in perfuorocarbons, 224, 224-225 
of sugars, 212-214, 2/3, 277, 218-219 
temperature and, 220-222, 221, 222 
soluble, deñnition oÉ 218 
solutes, 214-216, 242, 242 
solutions 
acidic, basic, and neutral, 320, 320-321 
aqueous, 206-207, 21ó, 320, 320-321 
concentration, 2/5, 215-217, 217 
deRnition, 5⁄4, 56, 56, 213 
lon-dipole attraction in, 206, 206-207, 
207 
saturated zs. unsaturated, 21á, 274 
solid, 213-214 
solvents, 2l4-217, 225 
space shuttles, 285, 285, 349 
speclfc heat, 258, 258-262, 259 
spectral patterns, 133, 722, 140-142, 747 
spectroscopes, 139, 739 
speed of electrons, 147 
spider mites, 522 
SDMNNH... 1e 
spiracles, 513, 527 
square planar, 790 
square pyramidal molecules, 790 
stainless steel, 214, 605 
standing waves, 77, 147-148 
starch, 404-407, 405, 408, 448 
steam turbines, 618, 67#, 627 
steel, 605, 606 
stereo images, 187 
steroids, 412, 473, 438 
stick structures, 363, 363 
sucky ends, 37, 432 
sumulants, 471-476, 472, 473, 474, 475, 
476 
stoichiometry, 275; se 2o chemical reactions 
StOrage proteins, 476 
straight-chain hydrocarbons, 363, 363 
straight fertilizers, 507 
Strassmann, Eritz, 118 
stratosphere, 562, 563 
stress neurons, 468-469 
strip mining, 624 
strong nuclear force, /Ø8, 108-111, 779 
strontium, 747 
structural isomers, 363, 363 
structural proteins, 4ï6 
Styrofoam, 220, 386, 386 
sublimation, 252-253 
submicroscopic, 1, 76 
subsoil, 502, 502 
substances; s££ matter 


substituents, 187—188 
substrates, 420, 20 
Suchocki, Tracy, 264 
sucrase, 420, 420 
SUCrOsS€ 
breakdown o£ 420, 420-421 
solubility, 212-214, 273, 277 
structure, 278, 402 
Sugar 
amylose, 25, 405-407, 448 
dissolution, 212-214, 273 
fructose, 07, 402 
glucose, 07, 02, 407, 440-441 
lactose, 402, 03 
solubility, 218-219 
sé£ 4Ø SuCrOS€ 
sulfa drugs, 458-459, 459 
sulfanilamide, 458-459, 459 
sulide metals, 600, 601, 6097, 605-607, 606, 
ó07 
sulfur, 435, 25, 501—502 
sulfur dioxide 
from coal, 624-625, 625 
in Industrial smog, 567-568 
planr uptake, 502 
from purification of metal sulfides, 607 
from volcanic eruptions, 564, 5ó 
sulfuric acid 
in acid rain, 324-325, 325 
in caves, 307, 324 
from coal mining, 624 
in industrial smog, 567—568 
uses of, 308 
sulfurous acid, in papermaking, 588, 591 
superconductors, 610~6I l 
supernatural, defnition of, 10 
supersaturated solutions, 223 
surface tension, 246, 246-248, 2⁄47, 248 
surface water, 533; sé£ Z/§2 Wat€r r€sources 
suspensions, 54, 56, 56 
sustainable energy resources 
biomass, 639-642, ó4! 
geothermal energy, 637-639, 638 
hydroelectric power, 635, 635-636, 636 
ocean thermal energy conversion, 6ó, 
636-637, 637 
overview, 634—-635 
solar heat, 6⁄2, 642-643 
solar thermal electric generation, 6⁄2, 
643-644 
sweating, 252, 222 
SW€€t DOta†O€s, Ø€enetIC engineering In, 524, 
524 
symmetry, polarity and, 197 
synaptic cleft, 468, 46đ, 472, 492 
synaptic terminaÌls, 467, 467, 4ó8 
synergistic efects, 453-454 
systematic names, 49—~50 : 
Šystème International (SJ, 77, 11-13, 72 


T 
2,4,5-T, 513-514, 514 
tannins, 378, 3⁄6 

tap water, 5l, 54 

tar, 365 


taxol, 456 
7O)D]D) (2,3,7,8-tetrachlorodibenzo-2-dioxin), 
5)161=5119), 2/24 
Tefon, 8, đ, 277, 394, 388, 597 
telescopes, 608 
televisions, 705 
temperature, [9—~22 
atmosphere, 562 
batteries and, 346 
body, 279, 279 
boiling and, 256, 256 
entropy and, 288-293, 289 
global warming, 575, 575-581, 576, 578, 
50) 
kinetic energy of particles, 19, 79, 21 
measurement scales, 20-21, 27 
phase changes, 24-25, 25, 33 
reaction rates and, 276-279, 277, 278, 279 
solubility and, 220-222, 221, 222 
specific heat capacity and, 258, 258-262, 
259 
water density and, 243-246, 24 
temperature inversions, 566-567, 56Z 
termites, 409, 429 
tertlary structure, 415, 77, 417-418, 418 
tertiary treatment, 55] 
testosterone, 387, 412, 413, 466 
tetracaine, 484 
2,3,7,8-tetrachlorodibenzo-2-dioxin (TCDD), 
SJ|= Hát, s1 
tetrahedral molecules, 187, 787, 188 
tetrahydrocannabinol (THC), 477, 479, 
479-480 
tetrahydrourushiol, 395 
tetramethylpyrazine, 36 Ì 
thallium, 708 
theories, scientifc, 9 
thermal inertia, 258 
thermodynamics, 293 
thermometers, 20-2], 27 
thermonuclear fusion, 7/26, 126-128, 728 
thermoplastics, 6] I 
thermoset polymers, 390 
thiram, 515, 575 
Thomson, ]. J., 85, 85, 87, 87 
thorium, 112, 772 
Three Gorges Dam (China), 626 
threonine, 4! 
thymine, 422, 422-424 
thymol, 374, 375 
thyroid gland, 708 
tides, electricity from, 639 
titanium, 5Z 
tobacco, 106, 475-476, 476, 477 
toilets, water usage by, 536, 556 
Tokamak Fusion Test Reactor, 633, 633 
toluene, 368 
topsoil, 502, 502-503, 503, 517 
t{OXICILY 
anabolic steroids, 412 
arsenic, 539 
benzene, 370 
Iiodine, 406 
isopropyl alcohol, 373 
methanol, 372 
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trace minerals, 434 
tracers, 106, 106 
£#z2ms conformation, 394-395, 442, 4⁄3 
transcription, 42ó, 426-427 
transfer RNA (tRNA), 428, 426, 429 
transgenic plants, 495, 523, 523-524, 524 
transitlon metals, 60, 61, 67, 62, 178 
translation, 427-428, 428, 429 
transmutatton, 111—113, 172, 713 
transport proteins, 476 
triangular bipyramidal molecules, 78ổ, 
188-189, 790 
triangular planar molecules, 188, 788 
trichloroethane, 225 
trichlorofuoromethane (CEC-I 1), 5Z2; s¿¿ 
2ø chlorofuorocarbons 
triethylamine, 376 
triplycerides, 410, 70 
triple bonds, 186 
trtium, 108 
trophic structure, 496-498, 427 
troposphere, 56l—562, 563 
tryptophan, 414 
tumors, 462-463 
Tupper, Earl, 598 
turbines 
electricity generation from, 618, 678 
gas turbines, 627 
hydroelectric power, 635 
ocean thermal energy conversion, 636, 637 
wind, 644-647, 645, 646, 64Z 
turpentine, 225 
Tylenol, 485, 466 
tyrosine, 74, 514 


U 
ultraviolet lipht 
in electromagnetic spectrum, 736 
in ozone layer destruction, 5Z2 
protection from, 570—571 
in water treatment, 538, 526, 551 
uncertainty, A5 
United States Customary System (USCS), I1, 
J) 
UnItS 
atomic mass, 91, 93 
concentratlon, 215-217, 2717, 271-273 
conversion factors, 12, 77 
electric charge, 86 
energy, 19, 619-620 
food energy, 410 
heat, 22 
metric, 77, l]—13, 73 
radiation, 104 
wave frequency, 137 
unsaturated fats, 477, 411-412, 412, 
441-443 
unsaturated hydrocarbons, 3óZ, 367-369, 
368, 369 
unsaturated solutions, 214, 274 
upwelling, 245 
uracll, 422, 422-424 
uranium 
decay series, 11I—113, 712 
nuclear fission, 779, J19-121, 720, 12! 
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uranimum (0e) 
nuclear power from, 122—123 
radon from, 106 
uraniuum-235, 720, 120-121 
uranium-238, 91, 113 


V 
valence electrons, 7Z⁄4 174_175, 175, 
186_—191, 767, 188 
valence shell, 774, 174-178 
valence-shell electron-pair repulsion (VSEPR), 
186_—191, 767, 788 
valine, 74. 417-418 
Valium (diazepam), 487, 481—483 
vanillin, 361, 379, 3Z9 
vapor, 25, 253-254 
VADOTIZatiOn; s evaporation 
vasodilators, 68, 488-489 
vegetarian diets, 444, 445 
Venus, greenhouse warming on, 575 
Vermont Biomass Gasiication Project, 641, 
G41 
very-Ìlow-density lipoproteins (VLDLs), 
441-442, 442 
vincristine, 464, 46⁄4 
viruses, ó0, 460-462, 461, 462 
viscose, 594, 59⁄4 
vitamins, 433-434, 43⁄4 
volcanoes, air pollutants from, 564, 564 
voltaic cells, 344, 345 
volume 
density and, 26-28, 28 
gas, 22, 23-24 
measurement oÊ 15—16, 76 
reaction rate and, 277, 277 
temperature and, 243-246, 2⁄4 
Wyager airpÌane, 612, 612 
vulcanized rubber, 597, 591—592, 592 


wW 
walruses, 410, 470 
Wast€S 
radioactive, 122—123, 630 
solid-waste disposal sites, 546, 546 
solid-waste incinerators, 64] 
wastewater treatment, 549—553, 550, 551, 
572 
wastewater treatment, 549-553, 550, 551, 
D7 


water, 237-265 

acid-base qualities of, 318-323 

acidity constant, 318~319 

boiling, 250, 255, 255-257, 256 

capillary acton, 29, 249-250, 250 

cohesive and adhesive forces, 246-250, 249 

as compound, 76 

condensation, 257, 253, 253-254, 254 

conductivity of, 315-317, 316 

conservation of, 535, 535-537, 553-555 

covalent bonding in, 184, 78 

density, 238, 238, 229, 243-246, 244 

discovery of formation reaction, 78-79, Z9 

dissolved gases in, 5/, 221—223, 222 

drinking water, 51, 54, 65, 537, 537-539, 
510) 

effects of solutes on freezing, 242, 242 

electrolysis, 351, 351, 353, 359 

entropy ¡n formation reaction, 29] 

evaporation, 250-254, 257 

freezing and melting, 241, 241-242, 22, 
245, 245-246 

hard, 226, 228-230, 229 

hydrolysis, 41, 47, 652, 652 

hydronium and hydroxide ions, 78, 370, 
310-311, 3/7, 318-321 

perlodic properties, 57—62 

phase changes, 24, 24-25, 33, 262, 
262-264 

physical properties, 38, 38—39 

polarity, 796, 196-197, 208-209 

specific heat capacity, 258, 258-262, 259, 
262 

surface tension, 246, 246-248, 247, 248 

3£ 4Ï§0 ÌC©; Wat€T f€SOUTC€S 

water resources, 531—555 

arsenic in, 539, 229 

conservation, 232, 535—537, 553—555 

desalinization and purification, 5⁄9, 
540-544, 541, 542, 543 

dissolved oxygen, 547-549, 5⁄48, 5⁄9 

distribution o£ 531 

drinking water treatment, 537, 537—539, 
536, 539 

groundwater, 517, 533, 533-535, 535, 546, 
546-547 

hydroelectric power, 635, 635-636, 636 

hydrologic cycle, 532, 532-534 

hydrothermal energy, 637-638 


ocean thermal energy conversion, 62ó, 
636-637, 637 
pollution oÉ 544-547, 546 
usage o£ 534-537, 532 
wastewater treatrment, 549-553, 550, 551, 
552 
water-softening agents, 228-230, 229 
water table, 533, 533 
Water treatmenr 
advanced integrated pond system, 552, 
55-552 
drinking water, 537; 537-539, 236, 539 
wastewater, 549—553, 550, 551, 552 
WWatson, James, 424-425, 425 
watts, 6]9-620 
Waves 
electromagnetic spectrum, 138, 73 
electron, 146-152, /4Z 
frequency, 137, 145, 745 
standing, /4Z, l47-148 
wavelength, 137 
weedkillers, 513—514, 574, 575 
weipht, lá, 15; s¿£ 2ø mass 
weightless environments, 247, 250 
Wilkens, Maurice, 425, 25 
willow, papermaking from, 590-591 
wind erosion, 517, 57Z 
wind power, 644-647, 645, 64ó, 647 
wood alcohol (methanol), 372, 3⁄2, 640-641 
work, 124 


X 

xenon, 706 

X-33 NaHonal Aerospace Plane, 612, 613 
Xrays, 100, 700, 705 


Y 
Yucca Mountain repository site, 630, 630 


z 

zidovudine (AZT), 460-461, 467 

ZInC 
in dry-cell batteries, 344-346, 346 
galvanizing and cathodic protection, 355, 

Sbb) 

properties, 5Z 

zooplankton, 496 


Periodic Table of the Hements 


Period 


Lanthanidệ 


ActinidesÏ 


Atomic masses are averaged by isotopic abundance on the Earths surface, 
expressed in atomic mass units. Atomic masses for radioactive elements 
are the whole number nearest the most stable isotope of that elementt. 


List of the Elements 


Actinium 
Aluminum 
Americium 
Antimony 
Argon 
Arsenic 
Astatine 
Barium 
Berkelium 
Beryllium 
Bismuth 
Bohrium 
Boron 
Bromine 
Cadmium 
Calcium 
Californium 
Carbon 
Cerium 
Cesium 
Chlorine 
Chromium 
Cobalt 
Copper 
Curium 
Dubnium 
Dysprosium 
Einsteinium 
Erbium 
Europium 
Fermium 
Fluorine 
Francium 
Gadolinium 
Gallium 
Germanium 
Gold 
Hafnium 
Hassium 
Helium 
Holmium 
Hydrogen 
Indium 
lodine 
Iridium 

lron 
Krypton 
Lanthanum 
Lawrenclum 
Lead 
Lithium 
Lutetum 
Magnesium 
Manganese 
Meitnerium 
Mendelevium 


227.028 
26.982 
243 
121.76 
39.948 
74.922 
210 
137.327 
247 
9.012 
208.980 
262 
10.811 
79.904 
112.411 
40.078 
2)! 
12.011 
140.115 
132.905 
35.453 
51.996 
58.933 
63.546 
247 
262 
lÔ 250) 
252 
167.26 
151.964 
29)7 
18.998 
223 
l2) 
69.723 
72.61 
196.967 
178.49 
265 
4.003 
164.93 
1.0079 
114.82 
126.905 
192.22 
55.845 
83.8 
138.906 
262 
207.2 
6.941 
174.967 
24.305 
54.938 
266 
258 


Name 


Mercury 
Molybdenum 
Neodymium 
Neon 
Neptunium 
Nickel 
Niobium 
Nitrogen 
Nobelium 
Osmium 
Oxygen 
Palladium 
Phosphorus 
Platinum 
Plutonium 
Polonium 
Potassium 
Praseodymium 
Promethium 
Protactinium 
Radium 
Radon 
Rhenium 


.Rhodium 


Rubidium 
Ruthenium 
Rutherfordium 
Samarium 
Scandium 
Seaborgium 
Selenium 
Silicon 
Silver 
Sodium 
Strontium 
Sulfur 
Tantalum 
'Technetium 
Tellurium 
Terbium 
Thallium 
Thorium 
Thulium 
Tin 
Titanium 
Tungsten 
Uranium 
Vanadium 
Xenon 
Ytterbium 
Ytrrum 
Zinc 
ZIirconium 


Atomic 
Symbol Number 
Hg 80 
Mo 42 
Nd 60 
Ne 10 
Np Si, 
Ni 28 
Nb áI 
N ữ 
No 102 
Os 76 
O 8 
Pd 46 
P lỡ 
Pt 78 
Pu 94 
Po 84 
K 19 
KẾ 59 
Pm 61 
Pa 9] 
Ra 88 
Rn 86 
Re 7⁄5 
Rh 45 
Rb 5) 
Ru +4 
Rf 104 
Sm 62 
ŠSc 201] 
Sg 106 
Se 34 
S lá 
Na Hi 
Sặn 38 
S 16 
Ta 73 
Tc 43 
Te 52 
Tb 65 
s§t) 81 
Th 90 
'Im 69 
Šn 50 
Tì¡ S22) 
N + 
U 2 
N/ 3) 
Xe 54 
Yb 70 
M 39 
Zn 30 
Zr 40 
Uun 110 
Uuu 111 
UỦUub 112 
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